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Abstract
This thesis presents a study of the sub-light year regions of Active Galactic Nuclei (AGN).
These environments contain accretion discs that orbit a central super-massive black hole. The
luminosity of the AGN inner regions varies over time across all wavelengths with variability at
longer wavelengths lagging behind that at shorter wavelengths. Since the AGN themselves are
too remote and too compact to resolve directly, I exploit these time lags to infer the physical
characteristics of the accretion disc and surrounding gas clouds that emit broad emission
lines. These characteristics include the inclination and temperature profile of the accretion
disc, and the shape (or light curve) of the luminosity fluctuations that drive the accretion disc
variability.
This thesis details the work in the first author papers of Starkey et al. (2016, 2017),
in which I detail the statistical code, CREAM (Continuum REverberting AGN Markov Chain
Monte Carlo), that I developed to analyse AGN accretion disc variability. I apply the code to
a set of AGN light curve observations of the Seyfert 1 galaxy NGC 5548 by the AGN STORM
collaboration (De Rosa et al., 2015; Edelson et al., 2015; Fausnaugh et al., 2016a; Goad et al.,
2016; Starkey et al., 2017). I also present work detailing my variability analysis of the Seyfert
galaxies NGC 6814, NGC 2617, MCG 08-11-11 and NGC 4151. This work has contributed to
the analysis presented in (Troyer et al. 2016, Fausnaugh et al. submitted). I also investigate
the implications of a twin accretion disc structure (Nealon et al., 2015) on the disc time lag
measurements across near UV and optical wavelengths. I finish by detailing a modification to
CREAM that allows it to merge continuum light curves observed in a common filter, but taken
by multiple telescopes with different calibration and instrumental effects to consider.
v
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Introduction: The AGN Story
Active Galactic Nuclei (AGN) lie at the heart of Active Galaxies. Their discovery probably
dates back to around the 1910’s (Kellermann, 2013) (or possibly even further as it is difficult
to pinpoint exactly) where Fath (1909) noted the presence of strong nuclear emission lines in
the spectrum of NGC 1068 (also called M77). It was not until much later that the astronomical
community came to the realisation that NGC 1068 (and more remote, luminous objects) were
in fact distant and powerful accreting black holes. This realisation dates back to the 1960’s
with Greenstein (1963); Hazard et al. (1963); Schmidt (1963).
Since their discovery, the idea that the most powerful objects in the Universe are accreting
back holes has sparked the imagination of the science community and the general public. In-
deed, a google search for ‘quasar’ yields a staggering 12.5 million results. The most luminous
of these objects, for example ‘ULAS J1120+0641’, can be seen out to a redshift z = 7.1 and is
brighter than the Sun by a factor of 6.7× 1013 (Barnett et al., 2015).
While more specific observational properties of AGN will be reviewed in this introduction,
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their most salient features can be summarised in a short paragraph. An AGN is the inner most
light year or so of an Active Galaxy. It is the collective name for an ensemble of gas and dust
that moves (likely orbits) around a central super-massive black hole (Shakura & Sunyaev,
1973; Lynden-Bell & Pringle, 1974; Urry & Padovani, 1995; Peterson, 1997; Risaliti & Elvis,
2004). The gas in the inner-most regions forms an accretion disc around the black hole. On
light-day scales, the gas is heated significantly due to differential (Frank et al., 2002; Shen,
2013) rotation, with the inner parts orbiting faster than the outer parts (Sunyaev & Titarchuk,
1980; Krolik, 1999; Uttley et al., 2014). Additionally there is a luminous corona, powerful in
X-rays, that appears to irradiate the accretion disc and heat it further (Sazonov et al., 2012).
The disc and corona irradiate the outer gaseous regions (so called broad and narrow line
region) which produce characteristic emission lines in their spectra (Urry & Padovani, 1995;
Bentz et al., 2013; Pancoast et al., 2014b). The dust in the outer regions is thought to be
toroidal in shape and absorbs the accretion disc irradiation; re-emitting it as infra-red (Hönig
et al., 2014; Hönig, 2014). Some of these objects are radio loud, exhibiting powerful jets of
radio-emitting material that originate close to the black hole and can ‘shoot’ material out at
close to light speeds (Kauffmann et al., 2008).
In this thesis, I will discuss my work on AGN variability across multiple wavelengths. The
variability pattern offers a probe of the unresolvable, inner parts of the AGN. I will discuss
the statistical tools I have developed to interpret this variability and infer properties of the
accretion disc and black hole.
1.1 AGN Spectra and Typical Luminosities
AGN were in early days often mistaken for stars. Both objects tend to appear unresolved
in a typical telescope image. It is only upon obtaining spectra of an AGN that we begin
to see its unique features. As opposed to a typical stellar spectrum, AGN spectra typically
exhibit characteristic emission lines on top of an underlying continuum. An example quasar
spectrum along with some of the most prominent emission lines are shown in Figure 1.1.
AGN emission occurs typically over a wide range of wavelengths from hard X-ray through to
radio. Since we typically do not have access to the full spectrum of an AGN, we require an
alternative approach to obtain the bolometric luminosity. The most common of these is to
use a bolometric correction. Here, a mean AGN spectrum is assembled from a large sample
of quasars (> 2000 Vanden Berk et al. 2001). This mean spectrum is then mapped onto the
2
1.1. AGN Spectra and Typical Luminosities
ds207@st-­‐andrews.ac.uk	  
Broad	  Lines	  
Hβ	  Mg	  II	  C	  IV	  
Accre5on	  Disk	  Con5nuum	  
Figure 1.1: Quasar template spectrum with emission lines and continuum labelled (Adelman-
McCarthy et al., 2007).
observed spectral energy distribution (SED) for an individual AGN and used to extrapolate the
flux in the unobserved part of the spectrum. This is condensed into a multiplicative constant,
the bolometric correction (BCν), that can be applied to just a single wavelength to estimate
the bolometric luminosity. This has the obvious drawback that it assumes all AGN have similar
spectra.
Lbol = νFν BCν (1.1)
Krawczyk et al. (2013) calculate the bolometric corrections for a sample of 1.2 × 105
luminous quasars. The mean luminosity of this sample is around 1012 L. In other words the
AGN can be as luminous, or even more so, than its host galaxy.
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1.1.1 Continuum Spectral Features
While this thesis deals primarily with the photometric variability of AGN at near ultraviolet
(UV) to near infra-red (IR) wavelengths, an introduction to the various spectral components
is provided here for completeness.
1.1.2 Soft X-ray Excess (0.1 - 1 KeV)
The soft X-ray excess is characterised by a sudden increase in flux at energies around 0.1 to
1 KeV that declines again at lower energies. The spectral energy distribution of the soft x-ray
excess is similar to a blackbody (Done et al., 2007, 2012; Lohfink et al., 2013; De Rosa et al.,
2015) but its origin is unclear.
Done et al. (2007) discuss the possibility that this soft X-ray excess is caused by intrinsic
disc emission. They build standard blackbody disc models and indicate that such models do
not sufficiently extend down to the soft X-ray regime to account for the soft X-ray excess.
Applying colour temperature corrected blackbody models in radiative transfer codes appears
able to better replicate the soft X-ray excess.
A second possibility is that UV photons, produced in a blackbody-emitting accretion disc
become further energized by interaction with a hot inner corona. Once in the corona the
photons are up scattered to higher-X-ray energies thus giving rise to the soft X-ray excess
(Arévalo et al., 2006).
1.1.3 Hard X-rays (>10 KeV)
Excess flux is observed in the high energy spectral energy distribution (SED) of AGN than
expected by extrapolation from U.V and low-energy X-rays (Miller & Turner, 2013). The hard
X-ray behaviour of AGN is typically consistent with a power law such that
N(E)∝ Eα−1, (1.2)
where N is the number of photons with energy E to E + dE and α is the spectral index
that typically takes values −1.0 < α < −0.8 (Risaliti & Elvis, 2004). It is thought that this
underlying power law is due to compton ionisation of photons as they interact with high-
energy electrons in the corona.
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1.1.4 Warm Absorber
Warm absorbers were first observed by Halpern (1984) and cause absorption primarily at soft
X-ray wavelengths. The absorbing signatures are often present in the OVII and OVIII ( 1 KeV)
absorption lines and are observed in about half of AGN (Krolik & Kriss, 2001). It remains
unclear where the warm absorbing material is located within the AGN. Many proposed sites
include an accretion disc wind (Reynolds & Fabian, 1995), the BLR (Reynolds & Fabian, 1995),
NLR (Otani et al., 1996) and torus (Komossa & Fink, 1997).
1.1.5 Iron kα line 6.4 keV
Also observed in AGN is a sharp peak in the X-ray spectrum at 6.4 keV (Tanaka et al., 1995;
Nandra et al., 1997; Iwasawa et al., 1996). This is due to the fluorescence of Iron ions
close to the supermasive back hole (Fabian & Vaughan, 2003). An inner shell electron is
ejected from the iron ion, whose ’gap‘ is quickly filed by the outer shell electrons which emit
the characteristic iron K-alpha line as they drop down energy levels to fill the gap. To first
order, this transition would exhibit a symmetric line spectrum. However, due to relativistic
aberration, gravitational redshift and effects caused by the orbital motion of the gas within the
accretion disc, asymmetries have been observed in the line profile that cause astronomers to
believe that the emission arises very close to the black hole (within a few Schwarzchild radii)
from material orbiting in an accretion disc (Fabian & Vaughan, 2003; Ricci et al., 2014). For
an excellent review of the X-ray spectral features of AGN, see Risaliti & Elvis (2004).
1.1.6 Big Blue Bump (1000− 4000 Å) and optical disc continuum
A ‘hump’ is observed in the spectra of AGN and quasars around 1000 − 4000Å (Malkan,
1983). This feature is thought to be due to accretion disc blackbody emission (Shang et al.,
2005) with a blackbody component that gives rise to a characteristic power law spectrum of
fν ∝ λ−1/3 up to near IR wavelengths (this will be discussed further in Chapter 2) after which
it appears to flatten (Risaliti & Elvis, 2004).
1.1.7 IR emission
Broadly, the IR emission of AGN reaches a minimum at 1µm, corresponding to the sublima-
tion temperature 1500K of the torus clouds, and a steep decline as fν ∝ να, where α > 3
(Risaliti & Elvis, 2004). The technique of reverberation mapping will be discussed later, but
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efforts to apply reverberation mapping to the dust torus emission tend to place lower limits
on the radius of the dust torus as the region where the temperature exceeds 1500K (the dust
sublimation temperature) (Hönig et al., 2017).
1.1.8 Radio Emission
The radio SED of AGN typically depends on the type of AGN under scrutiny. I outline these
features for both radio-loud and radio-quiet sources in the taxonomy section (Section 1.2).
The main region of interest in the work that follows lies within the near UV through to
near IR regime. The focus for the following chapters will therefore be in the wavelength range
(2000Å- 9000Å).
1.2 Taxonomy
Having detailed the broad continuum features of AGN, I now take some time to delve into
the various AGN types, and their characteristic spectral features. Since the the 1960’s, when
the nature of AGN was first beginning to be understood (Hazard et al., 1963; Schmidt, 1963),
AGN have been categorized into a range of classes based on their spectral features. By and
large, AGN be categorized by their radio luminosity, and the widths of their broad emission
lines (see below) (Urry & Padovani, 1995). In this section I will outline some further subcat-
egories of these groupings and describe their unique spectral features.
1.2.1 Seyfert 1 (and 2)
Seyfert galaxies exhibit low luminosity Active Nuclei (typically defined as MB >−21.5 (Schmidt
& Green, 1983)). Both Seyfert 1 and Seyfert 2 AGN emit narrow spectral lines, characteristic
of gas velocities of several hundreds of kilometers per second ([OII] 3737Å, [OIII] 4959Å, Hα
6548Å). These lines can be forbidden, semi-forbidden and sometimes permitted lines.
In addition to these ‘narrow’ emission lines, the UV and optical spectra of the Seyfert 1
AGN subclass exhibit broad permitted emission lines with typical line widths characteristic
of velocities of several thousand kilometres per second. Examples of such lines and their
rest frame emission wavelengths include Hβ 4861Å, Hα 4340Å, MgII 2798Å, CIV 1549Å
(Peterson, 1997).
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1.2.2 Narrow-line Seyfert 1
Narrow-line Seyfert 1 AGN (NLS1) exhibit all the properties of traditional Seyfert 1 AGN
except that they exhibit relatively narrow ’broad lines’. This is typically defined as an AGN
whose spectrum includes a weak Hβ line (FWHMHβ < 2000kms
−1 (Osterbrock & Pogge,
1985)), and a relative weak OIII line relative to Hβ (OIII/Hβ < 3 (Osterbrock & Pogge,
1985)). The small line width is thought to be due to a lower black hole mass, that gives rise
to characteristically low line velocity dispersions due to the MBH ∝ (∆V )2 Keplarian relation.
Additionally, NLS1’s are also thought to be accreting close to their maximum allowed limit
(Boroson et al., 1982); the Edington Luminosity.
1.2.3 Quasar (or Quasi Stellar Object)
Similar in spectral characteristics to Seyferts, quasars are the AGN with incredibly bright bolo-
metric luminosities (MB <−21.5 (Schmidt & Green, 1983)). Additionally, the fν ∝ ν1/3 accre-
tion disc signature in the optical - UV spectrum appears significantly redder in Seyferts than
Quasars (MacLeod et al., 2016), indicating that quasars may be more efficient at expelling
reddening dust material from their interiors than their fainter Seyfert cousins.
1.2.4 Blazar
Blazars are a sub-class of AGN that exhibit high-amplitude variability at optical wavelengths
on day-long time scales. In addition, a significant fraction (> 1 parsec) of the light emitted by
these objects is polarized (Peterson, 1997). Blazars are always observed to be radio loud (Urry
& Padovani, 1995). Blazars are subdivided into Optically Violent Variables and BL Lacss. The
BL Lac objects display all of the features listed above, but also exhibit the absence of emission
or absorption features in their SED.
1.2.5 Radio Loud (and quiet) Quasar
Radio loud quasars are broadly defined as having a ratio between the radio (5 GHz) and
optical (B-band) flux emission R > 10 (Kellermann et al., 2016). Alternative definitions are
available, such as a 5GHz radio luminosity > 1025 W/Hz (Kellermann et al., 1994). In any
case, observations show that quasar populations exhibit bi-modality in terms of their R ratios,
with the individual humps being labelled radio loud and radio quiet respectively (Ivezic´ et al.,
2004; Jiang et al., 2007). Despite these two distinct populations, it is observed that the optical
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and UV spectral properties of radio loud and quiet quasars are comparable in appearance,
suggesting these spectral features may be largely unrelated (Urry & Padovani, 1995).
1.3 Unification
Indeed a simplistic form of unification, that all AGN are powered by accretion onto a super-
massive black hole, is now universally recognized (Schödel et al., 2002; Cackett et al., 2007;
Bentz et al., 2009b, 2013). Many unification schemes go beyond this. It has been suggested
that much, if not all, of the spectroscopic features that are used to distinguish between AGN
classifications can be explained by a single object that is viewed from various inclinations
(Urry & Padovani, 1995; Elvis, 2000). For example, the distinction between Seyfert 1 and 2
AGN is thought to arise due to the presence of the dusty torus that obscures the observers view
to the BLR in the case of close-to-edge-on AGN. This theory was supported by observations
of Seyfert 2 objects (where broad lines were initially absent), that later displayed broad-line
signatures when viewed in polarized light (Antonucci, 1993). This suggested that Seyfert 2
objects did in fact possess a BLR, but that it was obscured when directly viewed by the torus.
Antonucci (1993) suggest all AGN characteristics arise from two properties: whether they
are viewed face-on or edge-on, and whether they are radio-loud or radio-quiet. Radio-loud
AGN tend to produce powerful radio jets, with material ejected from the inner parts of the
AGN at a significant fraction of the speed of light (Wilson & Colbert, 1995). Tchekhovskoy
et al. (2010) investigate whether the differences in luminosities between radio-loud and radio-
quiet AGN (around 1000 times) can be explained by the spin of the black hole. They find that,
depending on the structure of the accretion disc, a variable spin parameter (0< α < 1.0) can
give rise to radio jet power fluctuations of around 3 orders of magnitude as required.
Other authors (Laor, 2000) note that quasars with MBH > 10
9M tend to be radio loud
and quasars with MBH < 3× 108M are typically radio quiet. This suggests that radio power
is a function of black hole mass rather than black hole spin.
It may also be the case that, rather than being due solely to properties of the super-massive
black hole, the radio loudness (or quietness) of a quasar may depend on its the environment
around its host galaxy (Retana-Montenegro & Röttgering, 2016). Recent evidence has found
that radio-loud quasars cluster more strongly together than radio-quiet quasars over all red-
shifts (Retana-Montenegro & Röttgering, 2016), implying that environment plays a role in
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radio loudness as well as black hole properties.
I end this section on AGN unification by discussing work suggesting that AGN may in fact
be scaled-up versions of X-ray binaries. X-ray binaries are a pair of orbiting stars where one
star is an accreting black hole or neutron star (Remillard & McClintock, 2006; McClintock &
Remillard, 2006). The gravity of the compact object strips the larger star of material via tidal
forces, and the escaping gas flows into the accretion disc of the compact object (Frank et al.,
2002). McHardy et al. (2006) analyse the X-ray variability of a number of X-ray binaries and
AGN and find a characteristic variability time scale linking both objects, suggesting that the
accretion mechanism may work in exactly the same way for small and larger mass black holes.
The X-ray power spectra are modelled as a broken power law with a slope that steepens from
approximately -1 to -2 above some characteristic frequency (or below some characteristic time
scale τB). McHardy et al. (2006) find that the fit parameters of both the AGN and galactic
X-ray binaries agree well with each other with a break time scale τB that depends on the
bolometric luminosity of the AGN (or x-ray binary compact object) and black hole mass as
logτB = A log MBH− B log Lbol+ C , (1.3)
where fit coefficients A= 2.10± 0.15, B = 0.98± 0.15 and C =−2.32± 0.2 (McHardy et al.,
2006) indicate a roughly quadratic scaling of break time scale with black hole mass, and an
inverse linear scaling with bolometric luminosity.
In summary, it is unknown exactly to what extent, and by what mechanism, the various
classes of AGN can be unified. Extensive work suggests that unification is real and able to
explain many of the observed features of AGN (both in terms of their spectral behaviour
and time variability). These mechanisms tend to attribute many of the differences in the
observable features of AGN as being due to a combination of black hole parameters (mass
and spin), bolometric luminosity and inclination.
1.4 Variability
AGN are known to exhibit variability across all wavelengths (Wanders et al., 1997; Collier
et al., 1998; Sergeev et al., 2005; Cackett et al., 2007; Shappee et al., 2014; Edelson et al.,
2015; Fausnaugh et al., 2016a). It appears that variability in the line emission is driven by
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continuum emission variability (Blandford & McKee, 1982), thought to originate from the
accretion disc (Shakura & Sunyaev, 1973). Emission from the disc itself is believed to be
driven by an X-ray emitting corona within 10 gravitational radii of the central super massive
black hole (Morgan et al., 2012; Mosquera et al., 2013; Blackburne et al., 2014).
1.4.1 Energetics of Variability
What powers the large energy output from AGN? The common consensus is that this is due
to accretion onto a black hole (Frank et al., 2002; Peterson, 1997; Krolik, 1999) . Section 1.1
discusses the energy output of AGN broken down by wavelength regime (X-ray, UV, optical
,IR and radio), but how do these look when stitched together? Figure 1.2 (Mehdipour et al.,
2015) shows the Spectral Energy Distribution (SED) for NGC 5548 (more on this object in
Chapters 3 and 5). This shows that the accretion disc emission (around 0.01 KeV left side of
Figure 1.2) peaks in the UV. As will be discussed in later sections, UV variability often lags
behind X-ray variability, suggesting that X-rays may play a role in driving the variability at
longer wavelengths. Is this energetically possible? Figure 1.2 suggests that it is since the
X-ray part of the SED (1 - 100 KeV Figure 1.2) has at least as much energy as the optical and
therefore is certainly energetically capable of driving the optical variations.
1.4.2 Time Scales of Variability
Having introduced the concept of AGN variability, I now review the characteristic time scales
governing the variability, and the physical processes for which they are applicable. These are
derived in detail in Frank et al. (2002), and summarized below.
Viscous Time Scale
Firstly the viscous time scale is the time over which a thin annulus of accretion disc material
will smear out due to the influence of viscous drag forces caused by the Keplarian differential
rotation of the accretion disc. Following a (very) lengthy derivation in Frank et al. (2002), it
is found that
tvisc ∼ 1010
 α
0.03

R3/218 yr, (1.4)
where R18 = R/1018cm. α is a dimensionless ’viscocity‘ parameter that is observationally
constrained to take values around 0.01 to 0.03 (Siemiginowska & Czerny, 1989).
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Figure 1.2: Spectrum of NGC 5548 showing the reconstructed near IR through to X-ray spectrum
based on measurements by the space telescopes listed in the figure (replicated with permission from
Mehdipour et al. 2015).
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Dynamical Time Scale
The dynamical time scale measures the time for which surface disturbances on the accretion
disc rotate and takes the form
tdyn ∼ Rvφ =

R3
GM
1/2
, (1.5)
where vφ is the Keplarian rotation velocity. For AGN, dynamical time scales can be as little
as 103s for the inner most stable orbit. Due to the R3/2 dependence, this time scale rapidly
increases when we consider variability originating from larger radii.
Hydrostatic Equilibrium Time Scale
This gives the time scale over which fluctuations to hydrostatic equilibrium are transmitted
throughout the vertical direction of the disc. For a vertical scale height H, this time scale is
given by
tz =
H
cs
, (1.6)
where cs is the adiabatic sound speed. (King, 2008) show that for a thin disc with a Keplarian
rotation curve
H
cs
=
R
vφ
, (1.7)
and so the dynamical and hydrostatic equilibrium time scales are similar.
Thermal Time Scale
The thermal time scale is the time scale for which a perturbed accretion disc will readjust
itself into thermal equilibrium (Frank et al., 2002). King (2008) show that it relates to the
viscous time scale by
tth =

H
R
2
tvisc. (1.8)
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Light-travel Time Scale
The final time scale discussed here, and the most relevant for the remainder of this thesis is the
light travel time scale. This is the minimum time scale over which accretion disc variations
originating in the X-ray corona can propagate to more distant parts of the disc. Since it is
set by light-travel-time arguments, this is the fastest possible time scale that changes at some
central region can be communicated to other parts of the accretion disc, the broad and narrow
line regions, and the dusty torus. The light travel formally takes the form
τ=
R
c
, (1.9)
where c is the speed of light.
In general, the variability time scales increase in the order (see also Edelson et al. 2014)
τ < tdyn ≈ tz < tth < tvisc. (1.10)
For a 108M black hole, at a radius of 1 light day and α= 0.03, these take approximate values
of 1 day, 13 days, 440 days and 4.7× 108 days respectively.
1.5 Reverberation Mapping
In addition to being variable (Cackett et al., 2007; Kelly et al., 2009; MacLeod et al., 2010) the
variability appears correlated across multiple wavelengths with line variations that respond to
continuum variations after some time delay τ(Blandford & McKee, 1982; De Rosa et al., 2015;
Edelson et al., 2015; Fausnaugh et al., 2016a). Reverberation mapping is all about measuring
this time lag. The driving ∆X (t) and responding ∆F(t) variations (assuming zero mean flux)
are related by the response functionψ(τ), that contains information on the size, dynamics and
distribution of the responding gas. These quantities are related by the convolution equation
∆F (t) =
∫
∆X (t −τ)ψ (τ) dτ. (1.11)
Reverberation mapping campaigns come in various levels of complexity. Most basically, one
can attempt to measure the mean lag 〈τ〉 between two light curves. The mean lag contains
13
Chapter 1. Introduction: The AGN Story
information on the distance of the responding region from the driving region and can be used
to estimate the black hole mass (Section 1.5.3). Additionally it is possible to estimate the full
distribution of lags, the response function ψ(τ). As well as the distance between the driving
and responding region, ψ(τ) contains information on how the responding gas is moving (its
kinematics) and its orientation with respect to the observer. This information is vital to our
understanding of accretion onto black holes.
Here I will review the applications of reverberation mapping and the mathematical tech-
niques that can constrain either the mean lag 〈τ〉 or the full response function ψ(τ).
1.5.1 Continuum-to-Line Lags
It is often observed that the continuum light curve variations precede emission line variations
with a time lag that is of the order of 10’s to 100’s of days (Peterson et al., 2004; Bentz et al.,
2009b). As will be reviewed in the coming sections, these lags contain information on the
broad line emission region. This information includes the size, gas distribution and dynamics
of the BLR (Horne, 1999; Peterson et al., 2004; Pancoast et al., 2011).
The three main assumptions of reverberation mapping are as follows:
1. Delays between emission and continuum light curves are a light-travel-time effect that
arises due to the different paths taken by photons that are emitted from the continuum
source directly to the observer, and photons that first travel to the BLR reprocessing site
and then on to the observer.
2. The central source is modelled as a point. This simplifies the mathematics. It means
that the relation between the continuum and line light curves can be represented by a
simple convolution relation.
3. The relation between the observed continuum and ionising continuum is linear (i.e the
light curve we chose to represent the driving light curve variations in our models is a
suitable proxy for true ionizing continuum). In fact the true driving light curve most
likely originates at some unobserved wavelength.
Figure 1.3 illustrates the basic light travel principle underlying Assumption 1. Consider an
example BLR that is an annulus orbiting the super massive black hole, inclined edge-on with
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Figure 1.3: An illustration of the basic principle of reverberation mapping. Contours show regions
of constant time delay (so-called iso-delay surfaces). The observer is to the right and the ionizing
continuum is assumed to be a point at the center of the AGN. For an edge on BLR, the time delay is
related to the azimuthal co-ordinate θ by τ= r
c
(1− cosθ).
respect to the observer’s line of sight. The observer will see a response from the near side of
the BLR before the response from the far side due to the extended light travel path length.
1.5.2 Continuum-to-Continuum Lags
In addition to continuum to line delays, interband continuum light curves also exhibit time-
delayed correlations with delays increasing with wavelength (Sergeev et al., 2005; Cackett
et al., 2007; Fausnaugh et al., 2016a). Traditionally, one assumes that the light curve observed
in the shortest wavelength filter is a proxy for the driver of the variability (Assumption 3).
It has long been thought that X-rays may be the true driver of variability with X-ray light
curves leading UV variability and that at longer continuum wavelengths (McHardy et al.,
2004; Troyer et al., 2016). I will introduce a code (CREAM) in Chapter 2 that overcomes this
assumption by fitting the driving light curve using observational priors without the need for
direct data.
This thesis will exploit those time delays and interpret them as the light-travel time re-
15
Chapter 1. Introduction: The AGN Story
sponse of an accretion disc to irradiation by a central point source (lamp post). The lamp post
model has been previously used to interpret the interband continuum lags, that contain infor-
mation on the size, temperature of the accretion disc, disc inclination and black hole mass or
accretion rate (Chapter 2).
1.5.3 Applications
What can light curve time lags tell us about AGN?
Black Hole Mass Estimates
One of the most fascinating observations in modern astronomy is the tight correlation be-
tween the mass of a galaxy’s super massive black hole and the velocity dispersion of its bulge
stars (Ferrarese & Merritt, 2000; Gebhardt et al., 2000). Does this suggest co-evolution be-
tween black holes and galaxies? Understanding this correlation, and investigating its evolu-
tion across cosmic time, requires reliable black hole mass estimates for objects that are far
too remote for direct estimates to be applicable 1. It is assumed that the time lag between
continuum and emission line light curves relates to the BLR size using
〈rBLR〉= c〈τ〉. (1.12)
Given the line width of the emission line ∆V , Kepler’s law is invoked to calculate a virial
estimate for the black hole mass,
MBH ≈ rBLR(∆V )
2
G
. (1.13)
Dozens of AGN black hole masses have been calculated in this way (Peterson et al., 2004;
Bentz et al., 2009b; Pancoast et al., 2014b) and reverberation mapping remains one of the
only way to obtain reliable back hole mass estimates to distant galaxies.
Radius Luminosity Relation
Here, I discuss another application of reverberation mapping that allows one to establish
black hole mass estimates without the need for long reverberation mapping campaigns; in
1direct mass estimate here refers to any technique that utilizes resolved stellar or gas dynamics
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fact needing only observations at a single epoch. The radius-luminosity relation is a powerful
tool in obtaining fast estimates of AGN black hole masses. It relies on an empirical relation
between some average radius of BLR cloud emission and the luminosity of an emission line
(typically Hβ) that takes the form
rBLR ∝ Lα. (1.14)
α has been measured in the literature for several emission lines and typically lies around
0.5 < α < 0.7 depending on whether the X-ray, UV or optical continuum emission is used as
the driving light curve for the BLR (Kaspi et al., 2005; Bentz et al., 2006, 2009a). This relation
was first discovered by measuring Hβ lags with respect to the optical continuum (Wandel
et al., 1999). If we obtain the BLR radius using reverberation mapping for a few AGN, and
combine this with an estimate of the line luminosity from a spectrum, we can calibrate the
radius luminosity relation (i.e obtain the slope and offset of Equation 1.14). Once this is done,
Equation 1.14 returns the BLR radius, and thus the black hole mass (Equation 1.13) without
the need for a long, drawn out observing campaigns.
Luminosity Distances
Having discussed the use of reverberation mapping to obtain black hole masses, and intro-
duced the radius luminosity relation, I now discuss another goal of AGN variability studies:
to use AGN as standard candles. We previously discussed using the radius luminosity relation
(Equation 1.14) to quickly obtain a black hole mass estimate. This argument can be turned
around. If we obtain the black hole mass using traditional light curve lag measurements and
Kepler’s law (Equation 1.13), we can use the calibrated radius luminosity curve to obtain the
line luminosity from the lag-measured BLR radius. In short, the flux and line width are mea-
sured by taking a spectrum, the BLR radius is measured using cross-correlation between the
optical continuum and Hβ and LBLR is then obtained by combining Equation 1.13 and Equa-
tion 1.14. This method has been used to obtain the luminosity distance to hundreds of AGN
(Watson et al., 2011; Risaliti & Lusso, 2015).
Recent attempts to measure the luminosity distance to a number of nearby AGN combine
infra-red interferometry with reverberation mapping (Hönig et al., 2014; Hönig, 2014; Hönig
et al., 2017). The interferometric measurements can just about resolve the outer edge of
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the dusty torus, giving an angular radius θ of the torus. The actual radius is calculated
using reverberation mapping (Equation 1.12) between the optical continuum and the torus
IR emission. One then uses trigonometry to calculate the distance
DL = tan
−1
 cτ
θ

. (1.15)
Efforts to measure the luminosity distance to AGN are of immediate benefit to the as-
tronomical community. Luminosity distances, combined with redshift estimates allow one to
constrain cosmological parameters such as the Hubble constant H, dark energy density ΩΛ,
and Equation of State parameter w (Hönig et al., 2017).
Resolving AGN structure and Kinematics
One of the more ambitious goals of reverberation mapping is to use simultaneous variability
studies of continuum and broad-line light curves to place constraints on the gas dynamics of
the broad-line region. Horne (1999) note that the shape of the time delay response function
between continuum and broad line emission depends on how the broad line gas is moving. If
one has a continuum light curve with simultaneous spectral observations, one can use cross
correlation techniques to measure the response of the emission line in 2 dimensional time
delay τ and wavelength λ space. The 2D response function ψ (τ,λ) is known as the velocity
delay map and will be discussed in much greater detail in Chapter 8. Horne (1999) show that
the velocity delay map is a strong function of the BLR gas kinematics. The maps are symmetric
in velocity space for Keplarian orbits, and display red or blue asymmetry for in-falling or out-
flowing material respectively.
1.5.4 Techniques
In this section, I will review some of the techniques by which one can measure time lags
between light curves, and also how one can use these light curves to infer properties such as
the distribution and kinematics of the BLR gas.
Cross Correlation
The traditional, and still most widely used, method of measuring time lags between two light
curves is the cross correlation function.
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Give two signals L(t) and C(t), the cross-correlation function FCCF (τ) is defined as
FCCF (τ) =
∫ ∞
−∞
L(t)C(t −τ)d t. (1.16)
The cross correlation function is demonstrated on two light curves in Figure 1.4 which shows
two noiseless light curves evenly sampled at 1 day intervals. It can be seen that the peak of
the cross-correlation function corresponds to the appropriate delay between the two signals.
Theoretically, for two light curves, where the lagged light curve is formed by convolution of
the un-lagged driving light curve with a response function, the cross-correlation function is
equal to the convolution between the response function and the auto-correlation function of
the driving light curve (Peterson, 1993). This means that the computed CCF is a blurred
version of the intrinsic response function (see Figure 1.4, also Welsh 1999). It is arguably
more appropriate to use the mean of the CCF rather than the peak as a measure of the lag
between two light curves. This is because the peaks of the CCF and response function are
not necessarily identical while the means of CCF and response function (for infinite, evenly
spaced time series) do agree (Welsh, 1999).
In practice, AGN observing campaigns very rarely realise the level of cadence of this ex-
ample (and are certainly not noiseless). Typically, three methods of cross correlation have
been employed to mitigate the effects of poor or uneven sampling and finite signal to noise.
These are the Interpolated Cross Correlation Function (Gaskell & Sparke, 1986), the Discrete
Cross-Correlation Function (DCCF) (Edelson & Krolik, 1988) and the ‘Flux Randomisation /
Random Subset Selection’ (FR/RSS) approach of Peterson et al. (1998).
The Interpolated Cross Correlation Function (ICCF) deals with irregular time sampling by
using linear interpolation to create a new, regularly sampled light curve for one of the light
curves, such that it is sampled on the same time grid as the other light curve. In this way,
the cross correlation function is calculated twice (once using the ’real‘ data and once using
the interpolated data for each light curve in turn). The average CCF is then used (Peterson,
1993). This method is problematic in that it assumes behaviour of the light curve between
the interpolated data points (i.e that it is a straight line).
The Discrete Cross Correlation Function (DCCF) (Edelson & Krolik, 1988) is an alternative
approach which avoids any interpolation between data points. Instead, the cross correlation
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function is computed discretely between a point i in one time series and every other point
j = 1...N j in the other. The cross correlation function is then divided up into bins of width
∆τ±δ. The CCF calculated from pairs of points i j is then binned into the ∆τ grid (Peterson,
1993). This has the obvious advantage that it avoids interpolating the light curves, but suffers
in the case of sparsely sampled data in that most of the∆τ bins in the DCF grid end up empty.
The CCF grid can therefore become too unresolved to determine any useful lag information.
One of the draw backs of the ICCF and DCCF is the lack of any concrete method of assign-
ing uncertainty estimates to lag detections. Typically, uncertainties on lag measurements are
computed by taking the lower and upper bounds of the CCF where FCCF (τ)> 0.8Fmax (Peter-
son et al., 1998), but this is somewhat arbitrary. Another cross correlation algorithm has been
suggested to assign errors to the lag estimates. The Flux Randomization Random Subset Se-
lection (Peterson, 1993) incorporates bootstrapping and Monte Carlo techniques to measure
the CCF for many realizations of the input light curves. Light curve data points are ‘wiggled’
by the error bar (the flux randomization bit) (Welsh, 1999). A random subset of points from
these light curves are then taken from which the CCF is calculated. This method effectively
calculates the CCF many times for slightly different versions of the parent light curves, where
the uncertainty on the lag estimate can be calculated using the standard deviation in the mean
lags calculated from the CCF’s of the subset light curves.
Maximum Entropy Fitting
To obtain information on the BLR gas distribution and dynamics we need to infer the 2D
response functionψ (τ,λ). There are several methods of achieving this. The first I summarize
here is the maximum entropy fitting technique of Horne (1994). This is designed to fit models
that have many more parameters than data points. Here a fine time grid is generated on
which to evaluate the driving continuum light curve. Another (now two dimensional grid)
is generated on which to evaluate the velocity delay map. Each pixel on these grids is a
parameter of the model to be fitted to the continuum light curves and multi-epoch spectral
observations. While there are typically many more model parameters, ~p, here than actual data
points on the light curve, maximum entropy remedies this by introducing an additional term
to minimize in the fitting statistic. Traditionally one minimizes a quantity, χ2 when fitting a
model M to data D where
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Figure 1.4: Top: Two synthetic, noiseless light curves C(t) and L(t). Bottom: The cross correlation
function FCCF (solid line) between the two light curves (Equation 1.16), and the response function
used to convolve the light curve.
χ2 =
∑
i

Di −Mi
σi
2
. (1.17)
This has the massive draw back that the model is completely unconstrained in grid ele-
ments that lie between adjacent data points. In other words the model is degenerate. Maxi-
mum entropy breaks this degeneracy by introducing another fit constraint S that is minimized
when some quantity (typically the curvature) of the light curve is minimized. (Horne, 1994)
define the curvature quantity such that
∂ Si
∂Mi
=
ln(Mi−1) + ln(Mi+1)
2
− ln Mi . (1.18)
Here, the curvature parameter is minimized when the model at point i is equal to the
mean value of the points to either side. The full fit constraint to minimize is given by (Horne,
1994)
∑
i
Q2i =
∑
i
χ2i (Di , Mi)−αSi
 
Mi

. (1.19)
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The draw back to this method is the fiddle factor α that determines the trade of between a
good fit and satisfying the entropic constraint (i.e. fits with larger positive values of α are
more concerned with producing smooth light curves and velocity delay maps than fitting the
data, and vice versa). α is typically adjusted to yield a reduced χ2 close to 1.
Regularized Linear Inversion
Krolik & Done (1995) discuss a similar approach to fit response functions to continuum and
broad-line light curves. They recognize the degeneracy of models with far more parameters
than data points and note a few disadvantages with the maximum entropy methods. Firstly
maximum entropy requires the line response to be positive (e.g if the continuum goes up
so does the line), which is not necessarily always true (Goad et al., 1993, 2016). Secondly,
maximum entropy tends to be both computational expensive and has no direct way to estimate
the uncertainties on individual pixels (equivalently parameters) (Krolik & Done, 1995).
Regularized linear inversion presents a method to solve the transfer function problem
ψ (τ,λ) directly by forming and inverting a Hessian matrix (Krolik & Done, 1995). The details
of the process will be explained fully in a subsequent Chapter where the approach is tested on
interband continuum light curves. Suffice to say for now that the approach has been recently
tested to infer the 2 dimensional response functions for simulated datasets with potential to
be rolled out further in future (Skielboe et al., 2015).
Dynamical Modelling
Pancoast et al. (2011) introduce a code to analyse reverberation mapping light curve data
and produce dynamical models of the broad line region. The parameters of the dynamical
model are three dimensional grids in density and velocity space. The code is able to produce
velocity unresolved, and velocity-resolved response functions and infer the gas distribution
and kinematics of the broad-line-clouds. Pancoast et al. (2014a) refines the approach and
recasts the problem in terms of 17 parameters including the black hole mass, opening angle,
inclination angle and various radial and angular velocity parameters. The technique is applied
to 5 Seyfert 1 galaxies in (Pancoast et al., 2014b) in which black hole masses, opening angles
and inclination angles are inferred for all objects.
22
1.5. Reverberation Mapping
Javelin
Rather than calculate cross correlation functions of individual pairs of light curves, more
recent efforts have been undertaken to directly fit the light curve variations themselves. One
such model, SPEAR (or JAVELIN - Just Another Vehicle for Measuring Lags In Nuclei - for the
python implementation) (Zu et al., 2011), exploits the observed damped-random-walk (DRW)
behaviour of AGN light curves (MacLeod et al., 2010) to provide estimates and uncertainties
for the value of the continuum light curve in any data gaps. The damped random walk prior
afford Javelin the advantage of interpolating more realistically between data gaps. The
broad line light curve is taken to be effectively a delayed version of the continuum light curve
where javelin assumes a top hat response function.
Comparison of Techniques
Having introduced the various methods available for detecting lags in AGN, I now consider
the relative merits and drawbacks of each approach before proceeding further. The merits
and drawbacks of each methods boils down to a trade off between computation time and the
useful information returned.
Cross correlation is a simple but robust technique that returns a mean lag 〈τ〉 very quickly.
One can typically compute the CCF function for a pair of light curves in under 1 second of
computing time. The more complex variations of cross correlation (e.g Flux Randomization
Random Subset Selection (FRRSS, Peterson 1993) involve computing the CCF for multiple
realisations of the input light curve. Although this naturally increases the computation time,
cross correlation remains the fastest reverberation mapping technique.
If we want information on the distribution and orientation of the responding gas, we need
to go beyond estimating the mean lag. The more complex techniques such as Javelin and
maximum entropy involve calculating the full response functionψ (τ) rather than just a mean
lag and are computationally more expensive. Despite the increased computation time they do
return useful information on the response function.
RLI is perhaps the best of both worlds here. It fits both the light curves and response func-
tion rather than just computing a simple CCF function. It is also computationally fast. RLI has
several drawbacks however. Firstly, it imposes a smoothness constraint on the light curves and
response functions (RLI will be discussed more fully in Chapter 7). The degree of smoothing
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is an input parameter into the code which much be specified by the user. This parameter is
somewhat arbitrary, making RLI less mathematically rigorous than CCF methods. Addition-
ally, the inferred response functions are not physically motivated and cannot be expressed in
terms of physical AGN source parameters (black hole mass, accretion rate, inclination etc).
1.6 My Contribution
CREAM
This thesis is concerned largely with the development, testing and application of another light
curve fitting code, CREAM - Continuum REverberAtion Markov Chain Monte Carlo code. In
addition to a far more contrived acronym, CREAM attempts to overcome the limitations of RLI
and Javelin by fitting the response functionψ (τ)with a physical model that is parametrized
by physical AGN source parameters. CREAM’s MCMC engine can infer and yield posterior prob-
ability distributions for the accretion disc inclination and temperature profile (Chapters 2 and
2). Fitting response functions parametrized by physical AGN quantities is a key new feature
available to CREAM that other reverberation mapping techniques lack. Previous reverbera-
tion mapping techniques also assume that the light curve at the shortest observed wavelength
drives the variability (an assumption that may not be true, Fausnaugh et al. 2016a). CREAM
on the other hand operates on the prior that the driving light curve exhibits a power spectrum
parametrised by a power law (usually a random walk), and the longer wavelength continuum
arises by disc reprocessing of this driving light curve. CREAM’s lack of requirement for an in-
put driving light curve dataset from which to calculate lags means that one can test various
theories as to the wavelength origin of the driving continuum.
CREAM Fits to Synthetic and Real Light Curves
In this thesis I will use reverberation mapping and MCMC methods to obtain interband con-
tinuum light curve lags to compare with traditional CCF methods. This approach has the
advantage over CCF in that it is able to constrain the temperature profile and inclination of
the accretion disc, and infer the shape of the driver of continuum variability. I will present
results showing this technique applied to real and synthetic observations. I will also present
a modification to this code that allows it to obtain lags for not just continuum-to-continuum
light curves, but continuum-BLR light curves too. This modification finds Hβ lags in 222
SDSS quasars and work is ongoing to obtain mass estimates and automatically reject poorer
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fits. This work is presented in Chapters 2, 5, 6 and 9.
Regularized Linear Inversion Light Curve Fits
One object in this thesis, NGC 5548, has simultaneous X-ray and HST-UV observations that
appear to show a lack of correlation between the X-ray and UV variability when fitted by a
lamp post accretion disc model. I investigate whether linear inversion techniques (Krolik &
Done, 1995; Skielboe et al., 2015) can offer a better fit between the X-ray and UV light curves
than the parametrized accretion disc model used by CREAM (Chapter 7). This technique has
an advantage over CREAM as the inferred response function is unconstrained by a physical
model and has the added flexibility to fit negative responses and negative X-ray-to-UV lags.
Light Curve Power Spectrum Analysis: A Sign of Disc Reverberation?
High cadence observations by the Kepler satellite have revealed a high frequency break in the
power spectrum of an AGN Zw229-015 and I interpret this break in the context of thermal
reprocessing from a blackbody accretion disc (Chapter 4). This allows one to estimate the
product of black hole mass and accretion rate M M˙ but provides little constraint on the disc
inclination.
A New AGN Picture: A Tilted Accretion Disc
Additionally, I will present a toy model whereby a tilt between the inner and outer accretion
disc causes asymmetric disc heating, and subsequent asymmetries in the broad emission lines
(Chapter 8).
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2
Studying Accretion Disc Variability with CREAM
This chapter is based on the work of Starkey et al. (2016) and discusses the development
of the Markov Chain Monte Carlo code CREAM (Continuum REprocessed AGN Markov Chain
Monte Carlo), and its applicability to reverberation mapping studies of AGN continuum light
curves.
As introduced in Chapter 1, AGN spectra are thought to incorporate flux contributions
from the BLR, NLR, dusty torus and accretion disc (sometimes also a radio jet). According
to the unified model, type 1 AGN and their brighter cousins, quasars, produce emission from
an accretion disc with an unobscured line of sight to Earth. Indeed, many type 1 AGN and
quasars exhibit a blue-bump at short wavelengths in their spectra (Malkan, 1983). Simple
models attribute this extra emission at bluer wavelengths to a black body accretion disc. The
spectrum fν (λ) observed from a black body emitter at temperature T is given by the Planck
function,
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fν (λ, T ) =
∫
2hc
λ3
1
ehc/λkT − 1 dΩ, (2.1)
where h,k are the Planck and Boltzmann constants, c is the speed of light and the integral
over the solid angle converts specific intensity to flux.
An accretion disc in which material follows Keplarian orbits around a central Super Mas-
sive Black Hole (SMBH) is heated by viscous drag caused by the differential rotation of mate-
rial at adjacent radii (Frank et al., 2002). The temperature-radius profile of such a disc takes
the form,
T4 =
3GM M˙
8piσr3

1−
Ç
rin
r

, (2.2)
where G and σ are the gravitational and Stephan-Boltzmann constants, M is the black hole
mass, rin is the inner-most circular orbit (3rs) and M˙ the accretion rate. The spectrum of such
an accretion disc with the temperature radius profile above is shown in Figure 2.1.
In addition to the Big Blue Bump, the continuum emission from the disc also exhibits
variability both on long (> 100 day) and short (< 100 day) time scales (MacLeod et al., 2010;
Chelouche, 2013; De Rosa et al., 2015; Edelson et al., 2015). One such model to describe the
variability suggests a compact, quasi-spherical corona surrounds the inner region of the disc
whose time-varying luminosity propagates to the outer parts of the disc and perturbs the local
temperature away from the steady state result shown in Equation 2.2. Whatever the shape of
this irradiating corona, microlensing studies have shown that it is extremely compact (Morgan
et al., 2012). The irradiating corona is therefore often modelled as a point source (a lamp
post) that shines down on the accretion disc. If the lamp post luminosity increases, the disc
will experience an increase in temperature. We therefore modify Equation 2.2 to include the
lamp post term (Frank et al., 2002),
T4 =
3GM M˙
8piσr3

1−
Ç
rin
r

+
Lb(1− a)hx
4piσx3
, (2.3)
with a the disc albedo, r the orbital radius of the surface element, Lb is the bolometric lu-
minosity, hx the lamp post height, x =
p
r2+ h2x the distance from the lamp post point to
surface element. I assume here that the accretion power that causes the disc to radiate with
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the viscous temperature profile (Equation 2.2) is also available to power the corona. In prac-
tice this is true if the accretion disc does not radiate all the way down to the inner-most-stable
orbit as predicted by radiatively inefficient accretion models (Narayan et al., 1998). In the
limit r >> rin, hx , Equation 2.3 simplifies to
T = T0
 r0
r
3/4
, (2.4)
where
T40 =
3GM M˙
8piσr30
+
hx (1− a) Lb
4piσr30
. (2.5)
The lamp post’s bolometric luminosity is Lb = ηM˙ c2 with an efficiency parameter η typically
around 0.1 (Shankar et al., 2009).
A perturbation to the lamp post luminosity is felt by the inner, hotter parts of the disc be-
fore the outer cooler regions due to light-travel-time effects. One therefore expects variability
in light curves at shorter wavelengths to lead that at longer wavelengths. It can be shown
without too much pain that this is indeed the case. Consider an accretion disc in which the
time delay between a photon emitted from the lamp post directly to the observer, and a photon
first intercepted by the disc and re-emitted toward the observer 〈τ〉 ∝ R/c. The temperature-
radius profile of a blackbody-emitting disc is T ∝ R−3/4 and the relation between temperature
and peak wavelength of a blackbody emitter is T ∝ λ−1. Combining these proportionalities
we see that the relation between time delay (with respect to the lamp post light curve) and
wavelength is 〈τ〉 ∝ λ−3/4. Several studies of AGN variability have calculated the Cross Cor-
relation Function (CCF) between continuum light curves at different wavelengths and found
evidence of the 〈τ〉 ∝ λ−3/4 relation (Cackett et al., 2007; Chelouche, 2013; Edelson et al.,
2015).
2.1 Time Delays
According to the lamp post model, photons are emitted isotropically both toward the observer
and onto the accretion disc. The disc responds to the impinging lamp post photons by heating
up (Equation 2.3) and emitting a photon spectrum with a a shorter mean wavelength (higher
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Figure 2.1: Spectrum of a circular blackbody-emitting accretion disc appropriate for a face on inclina-
tion with an accretion rate M˙ = 1Myr−1 at a redshift z = 0.3. The spectrum is plotted for the black
hole masses shown in the figure. The dotted line shows a reference power law fν ∝ λ−1/3.
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Figure 2.2: Accretion disc time delay profiles τ
 
r,φ, i

evaluated at 0o (top left), 30o (top right), 60o
(bottom left), 90o (bottom right). Dashed lines represent 5, 10 and 15 day isodelay surfaces.
energy). The delay profile as a function of radius and azimuth τ
 
r,φ

between the photons
emitted directly to the observer and those first reprocessed by the accretion disc is (for a flat
disc)
τ
 
r,φ

=
r
c
 
1+ cosφ sin i

, (2.6)
where i is the disc inclination.
2.2 Response Function
The disc flux is time variable; appearing to lag the lamp post emission by the delay profile
τ
 
r,φ

(Equation 2.6). The principle of reverberation mapping is that the disc responds to
lamp post changes with a delay due to light travel time effects. The accretion disc spectrum
therefore takes the form of a convolution integral. If ∆Fx is the variable component of the
driving light curve flux, with offset F0 (λ) the disc flux Fν(t,λ) is then
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Fν(t,λ) = F0(λ) +
∫ ∞
0
ψ(τ|λ)∆Fx(t −τ)dτ, (2.7)
This states that the present disc flux at time t depends on the driving light curve flux at
all previous times t − τ. In order to proceed further, I derive expressions for the relative
contributions of the driving light curve to the disc light curve as a function of look back time
- the so called response function ψ (τ|λ) 1. As will become apparent in subsequent sections,
CREAM exploits the dependency of the response function on the disc inclination and M M˙ to
constrain these parameters.
The disc flux is the integral of the Planck function Bν(T ) over all solid angles Ω.
Fν(λ, t) =
∫
Bν(λ, T (t −τ))dΩ, (2.8)
where T (t − τ) is the disc temperature at the appropriate look-back time τ. The integral is
evaluated as a sum over all points in the disc, each with its own time delay. Equations 2.8 and
2.7 can be differentiated with respect to ∆Fx ,
∂ Fν(λ, t)
∂∆Fx(t −τ) =
∫ ∞
0
ψ(τ′|λ)dτ′δ τ′−τ . (2.9)
The delta function on the left hand side of Equation 2.9 allows us to free ψ(τ|λ) from the
integral and considers only disc surface elements, with time delay τ′, that share the desired
delay τ. The response function ψ(τ|λ) is then
ψ(τ|λ) =
∫ ∞
0
ψ(τ′|λ)dτ′δ τ′−τ= ∫ dΩ∂ Bν
∂ T
∂ T
∂∆Fx
δ
 
τ−τ′  r,φ . (2.10)
The partial derivatives on the right hand side of Equation 2.10 can be expanded using the
chain rule. I also switch between ∂∆Fx and ∂ Fx in the final integral since these are equiva-
lent.
1This is written as ψ (τ|λ) rather than ψ (τ,λ) as the accretion disc response function is technically a distribution
of τ that is a function of λ, though the distinction is unimportant in this thesis.
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ψ(τ|λ) =
∫
dΩ
∂ Bν(T,λ)
∂ T
∂ T
∂ Lx
∂ Lx
∂ Fx
δ(τ−τ(r,θ)). (2.11)
where the partial derivative ∂ T
∂ Lx
is evaluated from the T (R) law (Equation 2.3) and ∂ Lx
∂ Fx
is
4piDL . The solid angle dΩ = 2pirdr/DL and so the luminosity dependence cancels from the
∂ Lx
∂ Fx
. I evaluate Equation 2.11 numerically on a grid of τ values and approximate the delta
function as a Gaussian with width ∆τ,
δ (τ−τ (r,θ))≈ 1p
2piσ2
exp
−1
2

τ (r,θ)−τ
∆τ
2
. (2.12)
In practice the width,∆τ affects the ‘choppiness’ of the response function and this was chosen
to be 0.05 days: low enough to make the function as smooth looking as possible but not
drastically increase computation time.
The response function ψ (τ|λ) is plotted for various wavelengths, M M˙ values and incli-
nations in Figure 2.3. It can be seen that tipping the disc from face-on to edge-on skews the
response function; it peaks at shorter time delays but develops an extended tail toward long
delays. We can understand this by referring to Figure 2.2. For face-on inclinations, the iso-
delay surfaces are circles with time delays increasing with radius. For an edge-on accretion
disc, within a single annulus, the delays are no longer equal. The delays are shortened relative
to the face-on case on the side of the disc closest to the observer, and extended on the far side.
This effect manifests itself by introducing skewness into the response function. Note that the
mean delays (solid vertical lines in Figure 2.3) are insensitive to inclination. If we consider a
light curve at a larger wavelength, the radius of peak emission at a higher wavelength is larger
than that for a shorter wavelength. Additionally, increasing the M M˙ increases the tempera-
ture of the disc at a given radius relative to a lower M M˙ . The effect is to scale up the response
function with mean delays increasing with both wavelength and M M˙ like 〈τ〉 ∝ λ4/3M M˙1/3.
2.3 Bayesian Fitting Technique
The Bayesian fitting method used to fit the lamp post model to the continuum light curves is
now unveiled.
The CREAM fitting technique begins by assuming that the light curve data D are distributed
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Figure 2.3: The numerically evaluated response functions ψ (τ|λ) for a face-on, flat disc around a
108M black hole accreting at 1Myr−1. The lamp post is set at hx = 3rs above the disc plane. We
then show the effect of varying M M˙ (top), inclination (middle) and wavelength λ (bottom). Vertical
lines show the mean delay 〈τ〉.
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about some model M as a function of parameters Θ = Θ j=1...Np with a normal probability
distribution. The likelihood function for such a case is given by P (D|M) where
P (D|M) =
N∏
i=1
1p
2piσ2
exp

−1
2

Di −Mi
σi
2
(2.13)
for model M= Mi=1...N , data D= Di=1...N with uncertaintiesσ = σi=1...N . Given the likelihood
function, Bayes’ theorem states that the posterior probability distribution P (M (Θ) |D) is given
by
P (M (Θ) |D) = P (D|M) P (M)
P (D)
. (2.14)
Here P(D|M) is the ‘likelihood function’, P(D) normalises the posterior probability
∫
P(M (Θ) |D)dΘ= 1 (2.15)
The ‘Badness of Fit’ (BOF) is defined as −2 ln (P(M|D)) and takes the form
BOF= χ2+
N∑
i=1
ln

σ2i
− 2 ln (PM (Θ)) + const, (2.16)
where
χ2 =
N∑
i=1

Di −Mi
σi
2
. (2.17)
The model M= (M1...MN ) is a function of the parameters Θ.
2.3.1 Driving Light Curve Model
The intended features of the CREAM code are that it is able to recover both the shape of
the lamp post light curve and the accretion disc inclination and temperature radius law
(parametrised by M M˙). To achieve this, CREAM fits a model to continuum light curve data
observed at any number of wavelengths. The driving light curve model is a Fourier time series
of the form
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∆Fx ≡ Fx (t)− F x =
Nk∑
k=1
Ck cos(ωk t) + Sk sin(ωk t), (2.18)
where ωk = k∆ω is the kth Fourier frequency, Sk and Ck are the Fourier amplitude coeffi-
cients. F x is the mean of the driving light curve. The reference level Fx is therefore somewhat
arbitrary and we use Fx = 0 for all cases where no data is available to use as a proxy for the
driving light curve. In practice this is almost always the case since X-ray light curves, com-
monly invoked as the driver of disc variability (Uttley et al., 2002; McHardy et al., 2006), are
only available for two of the AGN studied (NGC 5548 and NGC 6814) in this thesis.
The model driving light curve (Equation 2.18) is convolved with the disc response function
(Equation 9.1). This function is re-evaluated for each wavelength whenever a new value of
the cos i or M M˙ parameters are proposed.
2.3.2 Model Priors
The model driving light curve is made up of many parameters in the form of the Fourier ampli-
tude co-efficients Sk and Ck. A major issue with applying uniform priors to these parameters
is that the high frequency Sk and Ck amplitudes tend to overfit the data. This effect is shown
in Figure 2.4. This problem can be better understood by considering that any dataset can
be perfectly fitted by a suitably high-amplitude sine wave with a sufficiently high frequency.
Since CREAM is required to infer a driving light curve given longer wavelength continuum
light curves, this degeneracy must be eliminated. Work by e.g McHardy et al. (2014) suggest
that X-ray light curves act as the driving lamp post and further studies (Uttley et al., 2002;
McHardy et al., 2006) suggest that the X-ray light curves behave as a random walk with power
spectra given by
〈S2k〉+ 〈C2k 〉= P(ωk)∆ω= P0∆ω

ω0
ωk
2
. (2.19)
The power spectrum prior acts to dampen the high-power contributions to the driving light
curve at high frequencies (See Figure 2.4). The random walk is incorporated into CREAM’s
inferred driving light curve as a Gaussian prior on the Sk and CK parameters with mean 〈Sk〉
= 〈Ck〉 = 0, and variance 〈S2k〉= 〈C2k 〉= σ2k,
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Table 2.1: Summary of priors on the CREAM parameters (σk is defined in Equation 2.21). The table
shows (left column) the parameter, (middle column) the number of relevant parameters and (right
column) the prior on the parameter(s).
Parameter Npar Prior
Sk and Ck 2Nk Gaussian (〈Sk〉= 〈Ck〉= 0,〈S2k〉= 〈C2k 〉= σ2k)
cos i 1 Uniform
log M M˙ 1 Uniform
log∆Fν Nλ Uniform
log Fν (λ) Nλ Uniform
P (Θ) =
Nk∏
k=1
e
− 1
2
C2k+S
2
k
σk
2
2piσ2k
, (2.20)
where,
σ2k =
P0∆ω
2

ω0
ωk
2
, (2.21)
and the lower and upper frequencies (ωk=1 andωk=Nk ) are specified by the Nyquist frequency
(that depends on the sampling rate ∆t) and twice the light curve length trec respectively,
ωlow =
1
2
2pi
trec
, (2.22)
ωhi =
2pi
∆t
. (2.23)
The factors of 1
2
and 2 in Equations 2.22 and 2.23 ensure that we evaluate the Fourier
series below, up to, and above the required frequency ranges observed in the light curve to
avoid leakage of low and high frequency power into the power spectrum.
The BOF, substituting Equation 2.20 in 2.16, is then
BOF= χ2+
N∑
i=1
ln(σ2i )
+
Nk∑
k=1

2 ln(σ2k) +
C2k + S
2
k
σ2k

+ const.
(2.24)
Table 2.1 summarises all of CREAM’s parameters and their priors.
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Figure 2.4: Left: CREAM fit to synthetic light curve with data points in red and mean± 1σ envelopes in
black. Horizontal lines indicate the reference position with 1σ envelopes. The bottom panel shows the
power spectrum of the resulting fit with the black squares showing S2k + C
2
k for each Fourier frequency.
The black and blue lines indicate the random walk prior (Equation 2.19). On the right we show the
effect of fitting the same data with a uniform prior.
38
2.4. Tests On Synthetic Light Curves
2.4 Tests On Synthetic Light Curves
2.4.1 Recovery of M M˙ and Inclination
To test the accuracy and precision to which CREAM can recover the driving light curve, in-
clination and M M˙ , I generate a number of synthetic data sets with suitable error bars and
observational constraints.
A random walk is used to numerically generate the driving light curve. This takes the form
∆Fx
 
t i
≡ Fx  t i− F x =∆Fx(t i−1) + G(0,σp∆t), (2.25)
with G(a, b) representing a random sample from a Gaussian distribution with mean a and
standard deviation b. For the tests a value of σ = 1 was chosen. This corresponds to the stan-
dard deviation of the random walk after 1 day. The driving light curves are convolved with the
response functions at the appropriate Sloan Digital Sky Survey (SDSS) u,g,r,i,z wavelengths
(3580Å, 4754Å, 6204Å, 7698Å, 9665Å respectively).
Once the characteristic shape is obtained, a vertical stretching is applied to the accretion
disc continuum light curves to ensure they exhibit variability amplitudes that match observa-
tions. Work by (MacLeod et al., 2010) parametrises the variability amplitudes of continuum
AGN light curves as a function of wavelength λ, mass M , absolute i band magnitude Ma i and
a parameter SF∞ that relates to the light curve variance according to
σ2
 
Fν

=
SF2∞
2

1− etlen/τB , (2.26)
where tlen is the length of the light curve. τB is the break time scale of the damped random
walk and is again empirically constrained by MacLeod et al. (2010) as
logτ= A+ B log

λ
4000

+ C
 
Ma i+ 23

+ D log

MBH
109M

. (2.27)
The fit coefficients (A = 2.4± 0.2, B = 0.17± 0.02, C = 0.01± 0.03 and D = 0.12± 0.04
MacLeod et al. 2010) show the relative strengths of the trend of each of the AGN parameters
with the break time scale τB. The small value of C indicates that the absolute magnitude Ma
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correlates only weakly with the break time scale.
Noise is then incorporated into the light curves by perturbing the data points with a Gaus-
sian distribution
Fν (λ, t)→ G  Fν (λ, t) ,σ , (2.28)
where error bars are calculated assuming 1000 second exposures of a 17th magnitude target
with a 2m telescope. I adopt the observing capabilities of the Las Cumbres Observatory Global
Telescope (LCOGT) network and employ their signal-to-noise (SNR) calculator 2.
Time separation between data points is irregular with mean 1 day cadence.
2.4.2 Synthetic Light Curve Test Outcomes
Tests of CREAM considered a number of observational scenarios based on the method used
to generate the synthetic data discussed in the previous section. CREAM’s ability to infer
accretion disc inclination, M M˙ and the driving light curve are demonstrated in the following
observational scenarios.
1. as above but including 4 1-week gaps in the g and i light curves designed to mimic
telescope faults / periods of bad weather etc.
2. SNR =100 observations but now including u, g, r, i, z
3. 1000s observations in g and i over 100 days.
4. 190s observations (time to achieve SNR = 100 at full moon) in g and i.
The CREAM fit to both the g and i light curves including the data gap, and the fit to
the u, g, r, i and z light curves are shown in Figures 2.5 and 2.6. The posterior probability
distributions for all 4 of the above cases are shown in Figures 2.10 to 2.7. I use a metropolis-
within-Gibbs sampling approach where the parameters are stepped with a Gaussian distribu-
tion and the BOF (Equation 2.24) is recalculated for each parameter. Moves are accepted if
BOFnew < BOFold or
2http://lcogt.net/files/etc/exposure_time_calculator.html
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Table 2.2: The M M˙ and inclination estimates for each of the 3 CREAM runs to the light curves shown in
the figures stated. CREAM runs on the SNR = 100 light curves with the 4 week-long gaps are displayed
in Figures 2.5. The ugriz light curves (with no data gap) are fitted in Figure 2.6. The fit parameters
for the observing scenario with high (lunar-phase-dependant) SNR, 1000 second exposures is shown
in Figure 2.7. The results for the worst case scenario considered (observations in just g and i with SNR
= 100) are shown in Figure 2.8.
Scenarios Light Curve Set log

M M˙

i (deg)
1 Figures 2.5 and 2.10 8.01 ± 0.24 45.99 ± 18.02
7.98 ± 0.15 47.78 ± 16.33
8.05 ± 0.23 46.61 ± 17.23
2 Figures 2.6 and 2.9 8.03 ± 0.08 31.9 ± 8.48
8.02 ± 0.08 31.97 ± 7.84
8.03 ± 0.10 31.31 ± 7.96
3 Figure 2.7 8.00 ± 0.03 29.28 ± 5.04
8.00 ± 0.04 30.84 ± 4.90
8.01 ± 0.03 31.45 ± 4.52
4 Figure 2.8 7.97 ± 0.17 41.58 ± 13.32
8.06 ± 0.19 42.40 ± 14.12
8.03 ± 0.18 43.07 ± 14.62
exp (−∆BOF/2)> uran (0, 1) , (2.29)
where ∆BOF= BOFnew < BOFold and uran (0,1) is a uniform random number between 0 and
1.
Each observational scenario is tested with 3 independent chains to check for convergence
to a common set of parameters and run for 105 iterations. It can be seen from Figure 2.7 that
the high SNR, 1000s observations allow for an excellent determination of the inclination and
M M˙ parameters. A more achievable observing SNR of 100s still realises useful constraints
on the disc inclination and M M˙ , but with larger error bars. The inferred parameters for each
observational scenario are shown in Table 2.2 where it can be seen that, in even the worst
observational case (g and i light curves observed with SNR=100 with 4 weeks of data gaps),
I obtain inclination accurate to 18◦ and log M M˙ to 0.24 dex.
2.4.3 Fits to M M˙ and Inclination with Non Random Walk Light Curves
CREAM implicitly assumes a random walk driving light curve by its treatment of the priors on
the Fourier sine and cosine amplitudes Sk and Ck. Despite considerable evidence to support
this position, I attempted to test the extent to which the driving light curve can differ from a
random walk without affecting CREAM’s inference for the accretion disc parameters M M˙ and
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(a)$
(b)$ (c)$
(d)$ (e)$
Figure 2.5: The top plot shows the reconstructed driving light curve (Equation 2.18). The plots below
this show (left) the inferred response function (Figure 2.3) with vertical lies showing the mean time
delay 〈τ〉. The right plots show the response light curves in the g and i filters including 1 σ uncertainty
envelopes. Horizontal lines indicate the offset parameters and uncertainty envelopes for the response
light curves. The red line in Panel a shows the driving light curve used to generate the synthetic g and
i light curves, normalised to the rms of the inferred driving light curve.
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Figure 2.6: Same as Figure 2.5 but showing CREAM applied to the SNR = 100 light curves in ugriz.
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Figure 2.7: Observing Scenario 1: Posterior probability distributions of M M˙ and i corresponding to
the high SNR g and i light curves. The 3 colours indicate separate chains. Contours show the 1 σ error
regions. Black vertical and horizontal lines show the true parameters (i = 30◦ and M M˙ = 108M2yr−1).
Figure 2.8: Observing Scenario 2: Same as Figure 2.7 but for the SNR = 100 g and i light curves.
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Figure 2.9: Observing Scenario 3: Same as Figure 2.7 but for CREAM fits to u,g,r,i and z light curves
with SNR = 100 (Figure 2.6). These light curves are driven by the same driving light curve as the g
and i light curves in Figure 2.5.
Figure 2.10: Observing Scenario 4: As with Figure 2.7 but for the SNR = 100 g and i light curves
including the 4 week-long data gaps (Figure 2.5.
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inclination.
I proceeded by generating synthetic data sets using an approach similar to that described
in Section 2.4.1. The difference here is that when creating the synthetic driving light curve, I
use the method of Timmer & Koenig (1995). Here, the driving light curve is generated from
a Fourier sum composed of sine and cosine amplitudes.
X (t) =
ωhi∑
ωk=kωlo
Sk sinωk t + Ck cosωk t, (2.30)
In the Timmer & Koenig (1995) approach, the power spectrum of the driving light curve
can take any desired power law slope β by setting the sine and cosine amplitudes Sk and Ck
as gaussian random numbers with mean 0 and standard deviation equal to 1, multiplied by a
factor A such that
Sk = Ck = rang (0, 1)
p
A, (2.31)
where
A=
ω0
ω
β
, (2.32)
and f0 is an arbitrary reference frequency. Note that setting β = 2 yields a random walk
light curve. Figure 2.11 shows example driving light curves generated with different power
spectrum slopes, β , that utilize the same starting random seed integer such that the light
curves exhibit the same overall shape. It is apparent from the Figure that lower values of β
give rise to increased variability on short time-scales (or high frequencies).
To test CREAM’s sensitivity to the driving light curve slope, disc response light curves are
generated at ugriz wavelengths using the procedure described in Section 2.4.1, incorporating
Gaussian noise appropriate for an SNR of 100.
CREAM is run for 105 iterations to fit these response light curves with the resulting infer-
ences for inclination and M M˙ plotted in Figure 2.12. Figure 2.12 shows that the inferred
inclination and M M˙ parameter’s are, somewhat reassuringly, insensitive to changes in the
driving light curve slope down within the ranges of approximately 1 < β < 3. Outside these
ranges, both the precision and accuracy of the parameter estimates appear to degrade.
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Figure 2.11: Upper: Synthetic driving light curves generated using the algorithm of Timmer & Koenig
(1995). We show a subset of 5 of the light curves used in the study. Lower: The power spectra of the
5 light curves in the upper panel. The same colour is shared by the light curve and its corresponding
power spectrum.
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Figure 2.12: Parameters inferred by the CREAM fits to the u, g, r, i, z light curves as a function of
driving light curve power spectrum slope. The upper plot shows the M M˙ parameter the against power
spectrum slope. The lower plot shows the M M˙ parameter against the power spectrum slope. Blue
horizontal lines indicate the true parameter values used to generate the synthetic dataset, red vertical
lines indicate β = 2 (appropriate for a random walk).
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2.5 Future Work
In addition to applying this technique to actual light curves (see following chapters), and
making the code sufficiently user friendly to be publicly available, I would like to overcome
one of the assumptions CREAM makes while fitting the light curves. This is that the background
emission is constant over the course of the observations. I expect this assumption to be broadly
accurate since the AGN lies within the inner most regions of the galaxy. The host should
not have time to respond to accretion disc variations over the course of a typical observing
campaign. Despite this, CREAM does not consider telescope anomalies that may affect light
curve observations beyond a simple offset and scaling of the continuum light curves at each
wavelength. In addition, Korista & Goad (2001) note that diffuse continuum emission from
the BLR may affect the continuum light curves at all wavelengths. Also, Hα emission may play
a role in contaminating the continuum variability in the r bands (Fausnaugh et al., 2016a).
Due to the relatively different scale sizes of the BLR and accretion disc, one would expect
such variability to be governed by a different response function than that appropriate for an
accretion disc. One might also expect the driving light curves for disc and BLR variability to
be different (i.e the disc responds only to the lamp post but the BLR responds to the lamp post
and the accretion disc itself).
To mitigate the effects of variable light curve contamination, it is necessary to introduce
some ’nuisance‘ parameters into CREAM. I experimented with introducing a polynomial back-
ground function into CREAM. Rather than a constant background, I have
FB (λ, t) = F0 (λ) +

t − t0
tF − t0

AB (λ) +

t − t0
tF − t0
2
BB (λ) +

t − t0
tF − t0
3
CB (λ) (2.33)
where the polynomial coefficients enter into CREAM as variable parameters measured with
respect to some reference time t0 which I define to be the mean time of the light curve data
points. t f is the final observation time. Given this background polynomial, the response light
curves are then calculated in a similar way to Equation 2.7
Fν(t,λ) = FB(λ, t) +
∫ ∞
0
ψ(τ|λ)∆Fx(t −τ)dτ, (2.34)
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where I have replaced the constant background with the slowly varying polynomial. One prob-
lem (for some poor soul to wrestle with) is to come up with an appropriate way to constrain
these polynomials against over-fitting the data in a similar way to the Fourier parameters Sk
and Ck (Equation 2.18). One possible way is to set up a Gaussian prior with a mean of 0 for
each polynomial coefficient and a suitably chosen set of standard deviations so that
RMS
 
FB (λ, t)

= RMS [D (λ, t)] , (2.35)
where D (λ, t) are the continuum light curve data points. I have only briefly tested this to
observations where the results are shown in Figure 2.13.
2.6 Summary
This chapter introduces a MCMC code CREAM and describes the work in Starkey et al. (2015)
that justifies its use to infer AGN accretion disk source parameters i and M M˙ . CREAM parametrises
the driving light curve as a Fourier sum and can constrain the shape of this light curve with-
out requiring data (e.g X-ray light curves). This has the advantage that it does not make
assumptions on the wavelength origin of the driver, as is the case with traditional reverbera-
tion mapping studies that obtain time delays by computing the CCF of the longer wavelength
continuum light curves with the shortest observed wavelength light curve. Such a technique
implicitly assumes that shorter wavelengths are driving the variability. Despite the lack of a
requirement of data to constrain the driving light curve, CREAM does make the assumption
that the expected power spectrum of the driving light curve is a random walk. It incorporates
priors into the Badness of Fit (BOF) statistic to dampen the high frequency Fourier amplitude
parameters to prevent over fitting the data. While several studies do suggest that X-rays drive
the variability (McHardy et al., 2014, 2016; Troyer et al., 2016) and exhibit random walk
power spectra (González-Martín & Vaughan, 2012), conflicting observations purport that X-
rays correlate poorly with UV and optical variability (Edelson et al., 2015) suggesting they do
not drive the accretion disk continuum. This motivates one to test the extent to which CREAM’s
inferences for the source parameters (inclination and M M˙) are sensitive to the random walk
assumption. Such a test is performed and discussed in these sections and it is found that
CREAM estimates for i and M M˙ are insensitive to the power spectrum slope β of the driving
light curve within the range 1< β < 3.
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Figure 2.13: CREAM fits to fake data testing the ’slow varying background update‘. The Panels are
the same as Figure 2.6 but the black curves show the effect of including a 2nd order polynomial as a
time-varying background. The fit is not burned-in and only ran to a few iterations as a conceptual aid.
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Future updates to the code could allow the introduction of a time-variable background
function to fit any anomalous variations that cannot be explained by a disc thermal reprocess-
ing model.
In the next chapter I will apply CREAM to a set of real observations taken of NGC 5548 in
the 2014 Space Telescope and Optical Reverberation Mapping Project (STORM) campaign.
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AGN Variability in 6 Seyfert 1 Galaxies.
In chapter 5, I showed that NGC 5548 defies the lamppost model. It exhibits time lags in
excess of what a flat accretion disc model would expect given previous constraints on black
hole mass and Eddington ratio. In addition, the driving light curve inferred by CREAM does
not resemble the X-ray light curve observed by Swift O˙ne might reasonably question whether
NGC 5548 is an exception to the standard disk model, or whether this behaviour is found in
other AGN.
In Chapter 2 I developed a code to fit the lamppost model (Equation 2.7) to AGN light
curves and infer the temperature profile of the accretion disc, its orientation and the shape of
the driving light curve variations.
In this chapter I present light curve fits to 4 AGN observed during the course of this project.
The targets are NGC 6814 (Troyer et al., 2016), MCG 0811 (Fausnaugh et al., submitted),
NGC 2671 (Fausnaugh et al., submitted) and NGC 4151 (Edelson et al., 2017). The details
of the data reduction process and any cross correlation and Javelin light curve lags will be
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given in the appropriate papers. CREAM fits to a fifth target, NGC 5548, will be presented in
Chapter 5. The NGC 5548 observing campaign features contributions from Swift , HST and
ground-based telescopes. The high-cadence-long-duration observations, in addition to the
multi-wavelength overlap between light curves in 19 filters, is an unprecedented reverberation
mapping experiment that requires more detailed analysis and discussion. As such the NGC
5548 study is awarded its own chapter. Here I detail my contributions via CREAM fits to the
light curves and discuss the implications that can be drawn from these fits.
3.1 NGC 4151
Before presenting the CREAM results, I introduce the target and summarise relevant lag mea-
surements and past observing campaigns of this object. It is one of the more famous and well
studied AGN due perhaps to its proximity and high amplitude variability that make it ideal
for reverberation mapping studies (Ulrich & Horne, 1996; Peterson et al., 2004; Bentz et al.,
2006; Zu et al., 2011; Grier et al., 2013). Interestingly, it is one of the few Seyfert 1 AGN that
is close enough for a mass estimate to be obtained using direct methods (in this case using
stellar kinematic measurements with a result 3.8± 1.2× 107M Onken et al. 2014). Rever-
beration mapping campaigns for this object have found lags between the 5100Å continuum
light curve and Hα, Hβ , MgII and CIII lines. Additionally, Javelin (Chapter 1) has provided a
Hβ lag estimate from a 42 day observing campaign that complements the CCF measurement.
Both methods realise Hβ to 5100Å lags of around 6 days (Zu et al., 2011). Combining this
with a line velocity dispersion of 2680 kms−1 (Bentz et al., 2006) and assuming a virial factor
f = 4.3 (Grier et al., 2013) yields a black hole mass of (4.0± 0.6)× 107M. Lubin´ski et al.
(2010) also construct models of the UV-IR and X-ray SED of this object which they use to
approximate the bolometric luminosity and derive an Eddington ratio of around 0.01.
3.2 NGC 6814
NGC 6814, again a Seyfert 1 galaxy, hosts an AGN with a black hole mass of (1.6± 0.2)×
107M (Grier et al., 2013). For this object CCF lags have been measured for the Hα (9.5
days (Bentz et al., 2010b)), Hβ (6.6 days (Bentz et al., 2009b)), HeI (3.1 days (Bentz et al.,
2010b)), HeII (5.0 days (Bentz et al., 2010b)), and Hγ (6.1 days (Bentz et al., 2010b)) lines.
A Javelin Hβ lag of 7.4 days was found by Grier et al. (2013) using 73 days of continuum-
overlapping light curve data. An Eddington ratio of 0.08 (Padovani & Rafanelli, 1988) has
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Figure 3.1: Panel a: CREAM inferred driving light curve for NGC 4151. Panel b - g: Inferred response
functions. Panel h - m: Echo light curve fits (h-k) indicate swift filters (l-m) show ground data.
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Figure 3.2: CREAM fits to remaining ground based observations for NGC 4151. Panels are the same as
Figure 3.1.
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Figure 3.3: CREAM fits to remaining ground based observations for NGC 4151. Panels are the same as
Figure 3.2.
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been suggested for this object.
Troyer et al. (2016) conduct cross correlation studies on Swift X-ray, UV and optical light
curves and find X-rays leading the UV, B and V light curves by around 2 days with evidence
of a τ ∝ λ4/3 lag spectrum. As a reminder the τ ∝ λ4/3 behaviour is expected if continuum
light curves are produced by reprocessing of a point source X-ray lamp-post by a black body
accretion disc.
3.3 MCG+08-11-011
MCG+08-11-011 is a Seyfert 1 galaxy with a black hole mass of 2.8 × 107M (Fausnaugh
et al., 2016b). Here, Hβ , Hγ and HeII lags have been measured using cross correlation and
Javelin with average values of 15.0 days, 12.4 days and 1.2 days respectively (Fausnaugh
et al., 2016b).
3.4 NGC 2617
NGC 2617 is an interesting AGN in that it appears to have changed class. Originally classified
as Seyfert 1.8 (Moran et al., 1996) with only weak broad emission lines, more recent work has
shown that it now displays broad lines as well as a blue-bump continuum feature characteristic
of an accretion disc (Shappee et al., 2014). Applying the radius luminosity relation (Chapter
1) to the Hβ line width has yielded a back hole mass of 4.0× 107M (Shappee et al., 2014).
Cross correlation of the Hβ light curve and the optical continuum has yielded a reverberation
mass estimate of 3.2× 107M (Fausnaugh et al., 2016b). Additionally an Eddington ratio of
0.01 has been calculated for this object assuming a bolometric correction of 10 for the flux
λ fλ in the continuum 5100 band (Fausnaugh et al., 2016b).
3.5 NGC 5548
The light curve study of NGC 5548 will be presented in Chapter 5. The key results of the fit are
summarised in Table 3.1 for comparison with the other four targets. As a brief summary, NGC
5548 is a Seyfert 1 object with respective mass and Eddington ratios of 107.5±0.2M (Pancoast
et al., 2014b) and 0.01 (Ho & Kim, 2014). It has been an object of considerable study (see
Chapter 5) for reverberation mapping experiments due to its frequent high-amplitude contin-
uum and line variability (Peterson et al., 2004; Sesar et al., 2007; McHardy et al., 2014).
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Figure 3.4: CREAM fits to swift observations of NGC 6814. Panels are the same as Figure 3.1.
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Figure 3.5: CREAM fits to ground observations of MCG+08-11-011. Panels are the same as Figure 3.1.
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Figure 3.6: CREAM fits to the low-wavelength observations of NGC 2617. Panels are the same as Figure
3.1.
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Figure 3.7: CREAM fits to the high-wavelength of NGC 2617. Panels are the same as Figure 3.1.
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Table 3.1: Summary of the M M˙ inferences for the CREAM fits to the four targets. Also included are
reference mass and Eddington ratio estimates from the literature and the corresponding disc expansion
factor (Equation 3.2).
Target MBHREF (L/LEdd)REF M M˙CREAM (L/LEdd)CREAM

(L/LEdd)CREAM
(L/LEdd)REF
1/3
M/107 M2yr−1/107
NGC 4151 3.76± 1.15(1) 0.01 (2) 0.23± 0.17 0.07 1.91
NGC 6814 1.59± 0.22(3) 0.08 (4) 3.98± 0.92 7.08 4.45
MCG+08-11 3.24± 0.98(5) 0.06 (5) 0.43± 0.24 0.18 1.44
NGC 2617 2.75± 0.99(5) 0.01 (5) 0.04± 0.02 0.02 1.26
NGC 5548 3.24± 1.58(3) 0.01 (6) 8.23± 0.07 6.12 8.49
Zw229-15 1.00± 0.22(7) 0.05 (7) 6.95± 0.04 3.84 4.25
1 Onken et al. (2014)
2 Lubin´ski et al. (2010)
3 Pancoast et al. (2014b)
4 Padovani & Rafanelli (1988)
5 Fausnaugh et al. (2016b)
6 Ho & Kim (2014)
7 Barth et al. (2011)
3.6 Zw229-15
Zw229 is a Seyfert 1 galaxy with a black hole mass and Eddington ratio of and (Barth et al.,
2011). It has the unique advantage of simultaneous Swift and Kepler observations in the
X-ray and optical. The Kepler variations observed for this object exhibit high (30 minute)
cadence which are binned into quarter-day data points to improve signal-to-noise. The high-
cadence enable high-frequency studies of the light curve power spectrum. This will form the
basis of a separate investigation presented in Chapter 4. Here I fit the simultaneous X-ray and
Kepler observations using CREAM and plot the results in Figure 3.8. The inferred M M˙ and
implications for the Eddington ratio are presented in Table 3.1.
3.7 Results
3.7.1 Eddington ration: Implications for Disc Sizes
The CREAM fits to each target are shown in Figures 3.1 to 3.7. CREAM returns estimates for
the mean lag 〈τ〉 as a function of wavelength and the product of mass and accretion rate
M M˙ . Assuming a reference black hole mass given in Table 3.1, it is possible to use the M M˙
to get the Eddington ratio. The Eddington ratio has also been independently estimated in the
literature with estimates and references given in Table 3.1 (some of these are quite old). We
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Figure 3.8: CREAM fits to the X-ray and Kepler light curves of Zw229.
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can see in all cases that CREAM infers Eddington ratios higher than those obtained from the
literature. In the case of NGC 6814 the estimate is impressively high. The results agree with
those of NGC 5548 in Chapter 5 that also show higher Eddington ratios than estimated from
previous literature. This finding is due to the high accretion disc temperature inferred from the
higher-than-expected light curve lags. It is a common problem in both reverberation mapping
campaigns (Cackett et al., 2007; Shappee et al., 2014; Edelson et al., 2015; Fausnaugh et al.,
2016a) and observations of gravitationally lensed quasars (Morgan et al., 2010; Jiménez-
Vicente et al., 2014; Blackburne et al., 2015). In the standard disc model 〈τ〉 ∝ M M˙1/3. It
then follows that
〈τ〉CREAM
〈τ〉REF =

M˙CREAM
M˙REF
1/3
=
 
L/LEdd

CREAM 
L/LEdd

REF
1/3
, (3.1)
where the subscript REF indicates a value from previous literature. Assuming that the refer-
ence black hole masses and Eddington ratios (Table 3.1) are accurate, one can speculate that
the CCF and CREAM lags are overestimated because the radius at which a given temperature
emits is expanded by some factor. This disc expansion factor x is related to the mean lags as
follows  
L/LEdd

CREAM 
L/LEdd

REF
1/3
=
〈τ〉CREAM
〈τ〉REF =
∫∞
0
x rBν (T (r))REF dr∫∞
0
rBν (T (r))REF dr
= x . (3.2)
The disc expansion factor is then just the ratio of the CREAM inferred, and reference Ed-
dington ratios raised to the 1/3 power (I know I could have just left out all the integrals and
plancks in the Equation above but it helped to follow the logic through. I think it’s right). The
ratio of the Eddington ratios cube rooted is given in Table 3.1 where overestimates of the disc
size by factors of 1 to 8 are apparent.
3.7.2 X-ray and UV Correlation
The NGC 6814 light curves (fits are shown in Figure 3.4) include simultaneous X-ray obser-
vations. The X-ray and longer wavelength light curves are well correlated in this observing
campaign with around a 1 day lag between the X-ray and near UV. NGC 4151 and Zw229
also feature X-ray observations. Figure 3.8 shows the CREAM fit to Zw229. It appears that the
strong ‘up and down’ variations seen in the X-rays do propagate through to the Kepler optical
light curve, but after a large lag of around 1.6 days. A similar situation is present in the NGC
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4151 light curves. Figure 3.1 shows that the X-ray light curves correlate fairly well with the UV
and optical in the case of NGC 4151. Edelson et al. (2017) perform cross correlation analysis
between the X-ray and optical for NGC 4151 and find around a 3 day lag. While the X-ray and
UV light curves correlate well for NGC 4151 and NGC 6814, the large delay between the X-ray
and UV contradicts the lamppost model. In the NGC 5548 observing campaign, I note that not
only does the lamppost model under-predict the continuum light curve lags (as has occurred
here) but that the X-ray and continuum light curves are poorly correlated, presenting another
problem for lamppost models that require X-ray reprocessing.
A number of interpretations exist for both the generally high continuum lags, and the high
X-ray to UV lags specifically. One idea is to have a truncated accretion disc that starts at larger
radii than the 3rs adopted for the CREAM fits. This is the case with the model of Gardner
& Done (2016) in which the inner accretion disc is replaced by a X-ray absorbing medium
that blocks the X-rays from direct view of the accretion disc. The absorbing medium then
re-emits toward the disc that gives rise to increased time lags at optical wavelengths. Other
models of disc variability include the inhomogeneous disc model of Dexter & Agol (2011). In
this model the accretion disc variations occur randomly throughout the accretion discs. Such
models seem to explain the light curve variability amplitude, but not the trend of increasing
lags from short wavelengths to long wavelengths. It may also be that the covering fraction
fc(r) (Equation 6.6 Chapter 6) invoked to explain the large lags in NGC 5548 could reconcile
the observed and predicted lags here.
3.8 Conclusions and Future Work: Implications for Standard Disc
Models
The continuum light curve variability of the 6 objects studied here appears to contradict the
predictions of a standard black body discs reprocessing model. The results clearly show that
in all 6 objects, light curve continuum lags are larger than expected for a disc reprocessing
model.
This anomalous behaviour extends to the X-ray-to-optical variability. According to most
disc reprocessing models, X-rays drive the optical variability. X-ray light curves were available
for Zw229, NGC 6814, NGC 4151 and NGC 5548 (see Chapter 5. In the case of NGC 6814, I
find that the X-rays correlate well with the UV and optical variability but show a high lag of
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1 day. The same is true for NGC 4151, where many of the strong X-ray light curve features
propagate through to the UV light curve, but with a lag of around 3 days (Edelson et al., 2017).
This is much larger than expected by lamppost-reprocessing models. One interpretation of this
is that the X-rays do drive the UV and optical variability, but are first reprocessed by an outer
corona into far UV emissions. The far UV then drives the disc variability (Gardner & Done,
2016). Additionally, Buisson et al. (2017) study the variability of 21 AGN, but only detect
significant correlations between the X-ray and UV in 9 targets.
CREAM does not need to fit an assumed driving light curve as a proxy for the real thing: the
driving light curve can instead be inferred from the accretion disc response. There are a num-
ber of limitations to the CREAM modelling. First of all it includes a parameterized temperature
radius law. It could be advantageous to free the temperature profile in some way to depart
from the black-body accretion disc parameterization of Equation 2.3 (Frank et al., 2002). The
problem here is that high cadence, long duration, high signal-to-noise observations are al-
ready required to constrain the M M˙ and inclination parameters in the current model. If we
free this model further and expand the parameter space, it is not clear that the light curves
would be of high enough quality to constrain a more flexible temperature profile to any useful
precision. Modelling techniques such as maximum entropy (Horne, 1994)and linearized in-
version (Done et al., 1995) already exist that constrain high dimensional parameter spaces by
imposing a simplicity constraint: namely that the light curves should be as smooth as possible.
It might be useful to include such a constraint in CREAM and then introduce a more flexible
temperature profile. This would be a long term project that could form the basis of future
post doctoral work.
The story continues in Chapters 4 and 5 where I will conduct more detailed studies of the
X-ray, UV and optical variability of Zw229 and NGC 5548. In Chapter 4, I will investigate
the implications of the lamp post model on the high-frequency power spectrum of AGN light
curves. I will compare the features expected in high frequency power of a lamp post model
with observations in Edelson et al. (2014) and discuss any further implications for standard
disc reverberation models. In Chapter 5 I will apply CREAM to light curve observations of NGC
5548, and free the slope of the temperature radius expression to be fitted as part of CREAM’s
MCMC fit. I will discuss the physical implications of such a change and investigate whether
this is able to fit the continuum light curve lags better than traditional lamppost models. I will
go further in Chapter 7 and use a more general (but less physically rigorous) approach to fit
67
Chapter 3. AGN Variability in 6 Seyfert 1 Galaxies.
the NGC 5548 and investigate how this improves the fit. In Chapter 8 I will consider a torn
accretion disc geometry as a possible explanation for the continuum lags in NGC 5548, and
investigate possible implications for the broad line region. Chapter 9 will end the thesis by
modifying CREAM to fit BLR light curves and measure continuum to line lags in a large sample
of AGN.
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4
Reverberating Disc Models: Implications for the
High-Frequency Variability of Continuum Light
Curves.
The following chapter investigates the effects of CREAM’s lamp-post-disc-reverberation model
on the high frequency variability of continuum light curves.
MacLeod et al. (2010) find that AGN continuum light curves behave as damped random
walks: their power spectra exhibit a flat slope with frequency that steepens to a -2 log slope
above a break frequency of several hundred days. Despite the success of the damped random
walk (DRW) in modelling AGN variability in many reverberation mapping experiments (via
the JAVELIN code Zu et al. 2011), the DRW is observationally constrained by continuum light
curves with only around two-month cadence (MacLeod et al., 2010). The high-frequency (≈
1-day) power spectrum remains mostly unexplored.
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4.0.1 Kepler’s Quest
The Kepler satellite graced the skies in 2009 and now sits in an Earth-trailing 371 day or-
bit. Kepler’s primary goal was to seek out exoplanets as they pass between the line of sight
from Kepler to their host star, causing dips in the star’s brightness. To date, Kepler has moni-
tored around 105 stars and been responsible for the discovery of more than 1000 exoplanets
(Lissauer et al., 2014).
Less well known are Kepler’s contributions to the study of AGN variability (Pei et al.,
2014; Barth et al., 2011). The minute dips in star brightness caused by planet transits require
every ounce of the milli-mag accuracy at Kepler’s disposal. In addition, the rapidity of planet
transits close to their parent star demand high cadence observations. To that end, Kepler
boasts spectacularly high (30 minute) cadence. Due to the nature of Kepler’s orbit, regular
observations are also possible without the problem of occultation of the target by the Earth. All
of these properties make Kepler a fundamentally useful instrument for any studies involving
either the light curves or power spectral densities of AGN and thus handy to constrain any
property that might depend on behaviour in the time or frequency domain.
The Kepler satellite has recently undertaken high-cadence (≈ 30 minute) observations of
a local Seyfert, Zw229-15 (Edelson et al. 2014, also see CREAM fits in Chapter 3). The authors
discover a break in the high-frequency power spectrum with a 5-day time scale. The light
curve and fitted-power spectrum (Edelson et al., 2014) are reproduced in Figure 4.1. This
break, at 0.2 cycles per day, is at much higher frequencies than predicted by the damped
random walk model and its origin is unknown. Physical process that operate on the viscous,
thermal and dynamical time scales (Chapter 1 are ruled-out as they are simply too slow to
account for a the observed 5-day break (Edelson et al., 2014).
4.1 High-Frequency Break Origin: Lamp Post Model to the Res-
cue?
In the thermal reprocessing model discussed in Chapter 2, the continuum variability arises due
to the convolution of a random walk driving light curve with a response function appropriate
for a black body accretion disc. This process operates on the light-travel time scale, and the
convolution smooths the driving light curve by damping the high-frequency variations. Here,
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Figure 4.1: The results of the Zw229 Kepler observing campaign (reproduced with permission from
Edelson et al. 2014). Top: The light curve. Bottom: The fitted power spectrum. The solid line
shows a bending power law (dashed line) plus a noise model (flat dashed-dot line) that models noise
contributions due to instrumental uncertainties.
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I investigate the extent to which the second break at high frequencies (Edelson et al., 2014;
Kasliwal et al., 2015a) can be explained by these reverberating-disc-reprocessing models.
4.2 Effective Response Function
The response function (Equation 2.11 - Chapter 2) is a function of M M˙ , inclination (Figure
2.3) and wavelength. But what wavelength is appropriate for calculating the response func-
tion of Kepler light curves? Since Kepler has a very large bandpass, g (λ), I define an effective
wavelength λeff, where at each time delay τ,
ψ

τ|λeff

=
∫
ψ (τ|λ) g (λ) dλ∫
g (λ)
. (4.1)
4.2.1 Toy Example
To demonstrate the high-frequency smoothing expected by the lamp post model, I convolve
a random walk driving light curve with an accretion disc response function appropriate for
a typical M M˙ = 106.5M2yr−1, corresponding to a 107.5M black hole accreting with an Ed-
dington ratio of 0.1. The result, plotted in Figure 4.3, shows that convolving the driving light
curve with a disc response function yields a power spectrum with a break frequency of around
0.2 cycles per day. Thermal reprocessing does therefore affect the power spectrum in the right
way: it dampens the high frequency variability on timetables approximately consistent with
observations (Edelson et al., 2014).
4.3 Break Frequency Evolution with M M˙ and Inclination
I now investigate the dependence of the break frequency on inclination and M M˙ , and de-
termine whether this is consistent with the result in Edelson et al. (2014), given previous
constraints on Zw229’s black hole mass and Eddington ratio (Barth et al., 2011).
I proceed by generating a random walk driving light curve, and response functions evalu-
ated on a 2D grid of M M˙ and inclination respectively ranging from log(M M˙/M2yr−1) = 6 -
8 in 0.25 dex increments, and 0◦ to 90◦ in 5◦ steps. The power spectrum P   f  is calculated
from the Fourier transforms of the driving light curve X
 
f

and response functions Ψ
 
f

by
applying the convolution theorem in the usual way,
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Figure 4.2: The accretion disc response function ψ (τ|λ) (Equation 2.11) with wavelengths show in
the plot. The dashed-dot line shows the filter-response-weighted disc response function (ψ

τ|λeff

-
Equation 4.1).
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Figure 4.3: Top: Synthetic random walk light curve (blue) and the accretion disc response for a
response function appropriate for M M˙ = 106.25M2yr−1, inclination 0◦, and an effective wavelength of
6000 (red). Each light curve X (t) is normalised to (X (t)− 〈X (t)〉)/RMS (X (t)). Bottom: The power
spectrum for each light curve.
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Figure 4.4: Example broken power laws (Equation 4.3) with a -2 slope that steepens to a second slope
b at a frequency f0 given in the caption. Vertical lines show f0.
P( f ) = |X   f Ψ  f  |∗|X   f Ψ  f  |. (4.2)
Edelson et al. (2014) noted a power spectrum with a slope that bends from−1.99±0.01 to
−3.65±0.07 at frequencies above 0.25±0.01 days. To determine if this break frequency can
be realised with a thermal reprocessing model, I take the power spectra P( f ) from Equation
4.2, and fit a broken power law of the form,
P( f ) =
2P0

f
f0
a
1+

f
f0
a−b , (4.3)
where f0 is the bend frequency, a and b are the power spectrum slopes below and above f0
respectively. Figure 4.4 shows examples of these for several values of b and f0.
I initially fix inclination to 0◦ and use a Levenberg-Marquardt algorithm to fit Equation 4.3
to the power spectrum evaluated in each M M˙ grid element. An example broken power law fit
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is shown in Figure 4.5 for M M˙ = 108M2yr−1. Figure 4.6 shows how break frequency varies
with M M˙ for the full grid analysis at 0◦. This shows that an M M˙ of 106.23±0.04M2yr−1 is
appropriate for the Edelson et al. (2014) observed Zw229 break frequency. Assuming a mass
estimate of (1.0± 0.2)× 107M (Barth et al., 2011), this M M˙ corresponds to an Eddington
ratio of 0.73± 0.23. This is substantially larger than the Eddington ratio predicted by Barth
et al. (2011) of 0.05.
I now relax the face-on assumption and test how the power spectrum break varies with
in both the inclination and M M˙ parameter space. The results, shown by the contour plot
in Figure 4.7, indicate a weak positive correlation between inclination and break frequency
that appears more pronounced at high inclinations. It was shown earlier that the Zw229-
015 break frequency yields, for face-on accretion disc geometries, an Eddington ratio of 0.73.
The contours in Figure 4.7 show that considering higher inclinations only makes the problem
worse by increasing required M M˙ and corresponding Eddington ratio.
4.3.1 Break Amplitude Evolution with M M˙ and Inclination
I also investigate how the amplitude of the power spectrum slope change depends on M M˙ and
inclination. Figure 4.8 shows an equivalent contour plot to Figure 4.7, this time for the second
slope parameter b. I note that Edelson et al. (2014) observe a slope change b =−4.51±0.03
in the Kepler observations of Zw229. Figure 4.8 shows that no combination of inclination or
M M˙ appears to yield an amplitude change that agrees with with Edelson et al. (2014). There
may be a number of reasons for this discrepancy,
• There is no link between break frequency and accretion disc properties and the result is
an artefact of the Kepler satellite (Kasliwal et al., 2015b).
• The break frequency is a function of inclination as well as M M˙
• The accretion disc temperature profile does not vary as T (r) ∝ r−3/4 as predicted by
standard Shakura & Sunyaev (1973) accretion disc models (see also Chapter 5, where I
consider accretion disc models with steeper temperature slopes).
Kasliwal et al. (2015b) considered whether satellite-induced effects can affect the power spec-
trum in such a way that dampens the high frequency variability artificially. They concede that
while instrumental effects are indeed present (such as interquarter scaling and Moiré pattern
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drift), they are not sufficient to account for the definite break in the Zw229-015 power spec-
trum observed by Edelson et al. (2014). The second option is that the break frequency is a
function of the temperature radius slope in addition to M M˙ . While this may be the case, time
does not permit this study to be drawn out further and further study will form part of future
post doc work.
4.4 Conclusions and Future Work
In this chapter I conducted an investigation into the high cadence variability of the Kepler
light curve of Zw229-015 (Edelson et al., 2014). The authors specifically noted the absence of
the expected damped random walk behaviour, typically characteristic of AGN continuum light
curves. While at low frequencies, the light curve power spectrum does exhibit the expected -2
log slope, at high frequencies ( f > 0.25 Hz) this slope steepens to around -4.5 (Edelson et al.,
2014). I investigated the feasibility of this high-frequency damping being due to thermal
reprocessing by a black body-emitting accretion disc (Chapter 2).
I found that, for a thermal reprocessing flat accretion disc model, the M M˙ required to
produce a bend at the appropriate frequency is M M˙ = 106.23±0.04. Assuming a black hole mass
of 107M, this yields an Eddington ratio of 0.76, too high to be consistent with estimates from
the literature Barth et al. (2011). I find that the Eddington ratio estimate cannot be lowered
by considering alternate disc inclinations (in fact the reverse is true).
I also find that the above the break frequency, reprocessing by a black body accretion disc
gives rise to a slope between -4.9 and -5.8 depending on assumed M M˙ and inclination. This
range is outside that observed by Edelson et al. (2014) and casts further doubt on whether
this break is due to thermal reprocessing.
While it appears that thermal reprocessing alone does may not give rise to the power
spectrum features observed in Zw229-015, there are additional steps that can be taken to
test this theory further. Firstly, the break was observed at a period of around 5 days. By the
Nyquist sampling theorem we therefore require cadence of just over 2.5 days to reach these
frequencies. There are existing light curves in the literature (e.g the STORM campaign (De
Rosa et al., 2015; Edelson et al., 2015; Fausnaugh et al., 2016a; Starkey et al., 2017)) that
include high < 1 day cadence. This then provides alternative targets on which to test this
model. Additionally, I have not included the effect of steeper temperature slopes into this
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Figure 4.5: Top: Synthetic random walk light curve (black) and the accretion disc response (blue) for
a response function appropriate for M M˙ = 108M2yr−1, inclination 0◦, and an effective wavelength of
6000 (red). Bottom: The power spectrum for each light curve. The black squares show the random
walk power spectrum of the driving light cure. The blue squares show the echo light curve power
spectrum and the smooth red line indicates the broken power law fit to the light curve. The vertical
smooth line shows the break frequency.
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Figure 4.6: Blue lines show the break frequency of the broken power law fits to the response light
curve power spectra vs M M˙ . The red shaded region show the break frequency and the uncertainty
region inferred from the broken power law fits to the Zw229-015 Kepler light curve in Edelson et al.
(2014). The dashed lines indicate those uncertainty regions translated into an M M˙ range.
analysis. This will be built into further analysis that will form part of post doctoral studies and
it may be the case that a suitable combination of inclination, M M˙ and temperature law slope
parameters can successfully mimic the observed power spectrum characteristics of AGN light
curves. Such a step would offer further support for this model or, if it leads to a dead end,
motivate science to find alternative models for accretion onto AGN super massive black holes.
Such models have been proposed by Gardner & Done (2016) who suggest the accretion disc
truncates inward of some radius and becomes an inner reprocessing region that intercepts
the X-rays before they reach the accretion disc. I also investigate the implications of a tilted
accretion disc system in Chapter 8. Here relativistic frame dragging effects (Nealon et al.,
2015) cause the accretion disc to split into two misaligned components. Both these processes
could be incorporate into the investigation in this chapter to calculate break frequencies and
slopes in the power spectrum. Whatever the physics at work in AGN accretion discs, it is clear
that time domain astronomy will enhance the picture further.
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Figure 4.7: Contours showing lines of equal break frequency f0 in the M M˙ - inclination plane. The blue
’stream‘ shows the range of M M˙ inclination parameters that lie within the break frequency uncertainty
region found by Edelson et al. (2014).
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Figure 4.8: Same as Figure 4.7 but fr the 2nd slope parameter b (See Equation 4.3).
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5
NGC 5548: Accretion Disc Sizes and
Temperature Profile
This Chapter is based upon the work published to The Astrophysics Journal in Starkey et al.
(2017).
In chapter 2, I introduced the reverberating disk modelling code CREAM and conducted
tests on synthetic light curves to determine the extent to which accretion disk source parame-
ters (inclination and M M˙) could be estimated.
In what follows I will present a continuum light curve variability analysis of the AGN at
the heart of the Seyfert 1 galaxy NGC 5548. The AGN STORM collaboration has undertaken
a large scale observing campaign of NGC 5548. This object is one of the most extensively
studied AGN and consistently exhibits significant continuum variability (Sesar et al., 2007).
19 overlapping Hubble Space Telescope (HST ), Swift and ground-based light curves spanning
1158 Å - 9157 Å were recorded between January and July of 2014. Paper I of the AGN
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STORM series (De Rosa et al., 2015) presents the light curves obtained from the HST and uses
a cross-correlation analysis to obtain the light curve time lags. Paper II (Edelson et al., 2015)
presents optical and UV light curves from Swift and finds evidence for a 〈τ〉 ∝ λ4/3 dependence
of the continuum lags. Paper III (Fausnaugh et al., 2016a) adds simultaneous ground-based
light curves and analyses the variability using cross correlation methods (Edelson & Krolik,
1988).
5.1 Modified Radial Temperature Profile
Before presenting the NGC 5548 variability analysis I detail a significant modification to the
CREAM algorithm. Previous studies including both microlensing (Jiménez-Vicente et al., 2014)
and continuum reverberation mapping (Fausnaugh et al., 2016a) techniques have indicated
that the accretion disc in NGC 5548 does not behave according to the prescribed radial tem-
perature profile of Shakura & Sunyaev (1973) in which T ∝ r−α. In particular, for a tempera-
ture profile like T ∝ r−α Jiménez-Vicente et al. (2014) finds that α= 1.25± 0.31. Fausnaugh
et al. (2016a) fit the mean lags of the 19 STORM light curves with
τ= τ0

λ
λ0
β
− 1

, (5.1)
where τ0 and β are the fitted parameters. The best fit slope, β = 0.99± 0.14, corresponds
to a temperature radius law index α = 1/β = 1.01± 0.14. Given the relative steepness of
the temperature radius slope inferred from two independent studies, I incorporate a more
general expression for temperature radius law that fits the temperature at r1 = 1 light day T1
and slope α,
T = T1
 r1
r
α
, (5.2)
where for a standard black body accretion disc, α= 3/4 and
T41 =
3GM M˙
8piσr31
+
h(1− a) Lb
4piσr31
, (5.3)
where Lb is the mean lamp post luminosity, h is the lamp post height, a is the disc albedo
and the other symbols have their usual meanings. It can be see from Equation 5.3 that a given
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5.1. Modified Radial Temperature Profile
Figure 5.1: Accretion disc response function ψ (τ|λ) for an accretion disk with a temperature radius
law given by Equation 5.2. Colours indicate the value of α.
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M M˙ has a corresponding T1. The effect of varying the slope of the temperature radius law on
the response function is shown in Figure 5.1.
Physical Interpretation of Changing α
What does allowing α to vary mean physically? In Starkey et al. (2017) I discus whether this
can be due to an accretion disc that is partially obscured from the observers view. If the cover-
ing fraction is a function of radius, this gives would mimic the effect of a temperature profile
with a different slope. In addition to obscuring parts of the disc from the observer’s view, al-
tering the geometry of the accretion disc also changes the slope parameter α. Starkey et al (in
prep) considers an accretion disc with a rippled structure that forms from the gravitational
waves produced by merging stellar-mass black holes within the disc. The rippled structure
leaves regions of the disc in the shadow of the lamp post. Shadowed regions of the disc can-
not respond to changes in irradiation and therefore do not contribute to the continuum light
curve variations.
5.2 CREAM Fits to STORM Light Curves
CREAM fits to the STORM light curves are shown in Figures 5.2, 5.3 and 5.4 that respectively
show the HST, Swift and ground-based light curves. I consider two models here. Model 1
holds α≡ 3/4 and optimizes i and T1 and Model 2 fits all three response function parameters.
Figure 5.5 shows the posterior probability histograms for the parameters i and T1. I find best
fit parameters i = 54◦ ± 6◦ and T1 = (22.2± 0.7) × 103K. Parameter fits are summarised
in Table 5.1. Figures 5.2, 5.3 and 5.4 show that CREAM fits the light curve variability very
well. The fit replicates all the large scale fluctuations and most of the minor features of
the light curve data across all wavelengths. Nevertheless, the data seems to lie above the
model during the interval between 6760 and 6820 days in Figure 5.2 (HST light curves).
This period coincides with the anomalous behaviour of the UV and optical emission line light
curves reported by Goad et al. (2016), in which the emission line variability decorrelates
with the continuum variability for several weeks. The ground-based light curves also exhibit
some anomalous behaviour in the u band where the data variations appear to lag the model
variations and show somewhat smoother variability features. Balmer continuum emission
may explain some of this behaviour although it should be noted that atmospheric telluric
extinction is somewhat larger at this wavelength which may also account for these features.
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I also note that the error bars on the Swift V band light curve appear quite large given the
relatively low intrinsic scatter around the model. The data reductions for the Swift light
curves are presented in Edelson et al. (2015) and it appears from the error bar size that a
systematic magnitude error has been added to these error bars. In Section 5.5, I include a
parameter into CREAM that alters the error bars to account for any systematic uncertainties.
The Model 2 fits (fitting α along with i and T1) show that the T (r) law falls off more
steeply than predicted by Equation 2.3. The resulting best fits give α = 0.99 ± 0.03 and
T1 = (4.71± 0.46) × 104 and the resulting posterior probability distributions for α and T1
are shown in Figure 5.5. Microlensing observations undertaken by Jiménez-Vicente et al.
(2014) show also that the temperature radius slope falls-off more steeply than 3/4 although
the physical mechanism underpinning this result is not fully understood.
5.3 Mean Delays
Whereas cross correlation returns a single lag for each of the light curves, CREAM fits the
continuum light curves directly. To compare the ICCF lag analysis undertaken in Edelson
et al. (2015) and Fausnaugh et al. (2016a) with the CREAM fitting results, I calculate the
response function mean lags
〈τ (λ)〉=
∫∞
0
ψ (τ|λ)τdτ∫∞
0
ψ (τ|λ)dτ . (5.4)
Figure 5.6 shows the CREAM lag spectrum alongside that inferred by Javelin and CCF (Faus-
naugh et al., 2016a). I justify comparing the mean CCF’s and mean response functions with
reference to Peterson (1993), who prove that the means of these functions do indeed agree
with one another.
Paper III fit the dependence of lag with wavelength
〈τ〉= τ0
h 
λ/λ0
β − 1i , (5.5)
where the τ0 term is included because the lags were measured relative to the HST 1367
Å light curve. β indicates the slope of the time delay spectrum (Equation 5.5) which relates
to the temperature-radius slope by α = 1/β where α is given in Equation 5.2. Fausnaugh
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Table 5.1: CREAM model parameter inferences and fit statistics.
Model 1 Model 2
T1 (10
4k) 22.2± 0.7 4.71± 0.46
i (deg) 54± 6 36± 10
α ≡ 0.75 0.99± 0.03
χ2/(N f 2) 0.97 0.98
et al. (2016a) find β = 0.99± 0.14, which agrees well with the CREAM-inferred value for the
temperature radius slope (α = 0.99± 0.03 thus β = 1.02± 0.03). These results suggest the
disk exhibits both a steeper temperature radial fall-off, and a higher disk temperature at r1
than expected for a standard thin disc.
Figure 5.6 includes the lag spectrum for a standard α = 3/4 disk assuming an Eddington
ratio of 0.1. The lag spectrum lies above this model for both the CREAM and CCF analyses. This
implies that the disk is larger in size for a given temperature than predicted for a standard
black body disc. Figure 5.7 shows this further, whereby a given temperature is located at
larger radii for Model 2 than Model 1.
One possible explanation for the large time delays is that the driving light curve photons
are intercepted by an inner reprocessing region rather than being transmitted directly to the
accretion disc. This inner reprocessing region is proposed by Gardner & Done (2016) in which
the traditional accretion disc begins at larger radii, above the 3rs value commonly assumed.
5.4 The Driving Light Curve vs. X-rays
Do X-rays drive AGN continuum variability? Some studies show that they do. Shappee et al.
(2014); McHardy et al. (2016) find positive lags between UV and X-ray light curves that
suggest that X-ray variability may be a good candidate for the driving light curve modelled
by CREAM. Figure 5.8 compares the hard and soft X-ray light curves presented in Edelson
et al. (2015) to CREAM’s inferred driving light curve (Models 1 and 2). CREAM’s driving light
curve is dimensionless and normalized to 〈X (t)〉 = 0 and 〈X 2 (t)〉 = 1. I therefore apply a
vertical shift and stretch to the CREAM driver to match it to the mean and root-mean square
(RMS) of the hard and soft X-ray light curves in turn (Figure 5.8). The results indicate a
weak positive correlation between the X-ray light curves and CREAM’s driving light curve.
Correlation coefficients for the hard and soft X-ray light curves and the CREAM light curve are
respectively 0.35 and 0.38. I also note that excluding the period of anomalous broad-line
region (BLR) variability (Goad et al., 2016) does not significantly increase the correlation.
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Edelson et al. (2015) and Fausnaugh et al. (2016a) also suggest that X-rays (at least the
observed X-rays) alone do not drive NGC 5548’s variability during this campaign. I note also
that the driving light curves inferred by Models 1 and 2 exhibit similar variations but with
a slight delay. This offset arises since Model 2 (α varied as a free parameter) prefers larger
overall mean lags than Model 1. The large lags arise due to the high inferred value of T1 in
Model 2 relative to Model 1. The Model 2 mean delays are in more close agreement with
those from the CCF study (Fausnaugh et al., 2016a).
It may be that X-rays do indeed drive continuum variations in this object but at different
energies to which Swift is sensitive. The Swift data only extend up to energies of ∼ 10 keV
yet the full spectral energy distribution (SED) for NGC 5548 peaks at ∼ 100 keV (Kaastra
et al., 2014). This may mean that the Swift observations are not a suitable proxy for the
driving X-ray component. Alternatively Gardner & Done (2016) note that, even smoothed by
a suitable disc response function, the hard X-ray light curve varies too rapidly to generate the
smoother UV and optical continuum variations that are observed in NGC 5548. Gardner &
Done (2016) invoke an X-ray reprocessing region between the X-rays and accretion disk to
explain the smooth continuum variations.
Despite the poor X-ray-to-driver correlation found in this object, I note that models with
the X-rays as the driving light curve do work well in other objects (Troyer et al., 2016). It
might therefore be the case that there is not any single model that describes the connection
between X-rays and continuum variability that works for all AGN.
5.5 Error Bar Rescaling
The ground-based light curves that were fitted in this paper arose by merging observations
from up 16 (in the case of the V band light curve) telescopes. The process by which the
merged light curve and error bars were derived is detailed in Fausnaugh et al. (2016a). Here
I note large discrepancies between the error bar size as a function of telescope for each of the
ground-based observations. I also note that the default error bar sizes for the Swift V band
light curve appear too large given the correspondingly small intrinsic scatter. In this section I
detail an approach by which CREAM is used to rescale these suspect error bars to mitigate the
effects of any systematic errors in the data reduction process (Edelson et al., 2015; Fausnaugh
et al., 2016a).
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The Badness of fit (BOF) used as the CREAM fitting statistic is,
BOF= χ2+
N∑
i=1
ln(σ2i ) +
Nk∑
k=1

2 ln(σ2k) +
C2k + S
2
k
σ2k

. (5.6)
where the terms are defined in Chapter 2 Section 2.3.2. I now consider an error bar rescaled
by a factor f . The rescaled error bars are then given by f σi . Incorporating f into the BOF
Equation 5.6 yields
BOF=
χ2
f 2
+ 2N ln f +
N∑
i=1
ln(σ2i ) +
Nk∑
k=1

2 ln(σ2k) +
C2k + S
2
k
σ2k

. (5.7)
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(a)	  
(b)	  
(c)	  
(d)	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(h)	  
(g)	  
(f)	  
Figure 5.2: Model 6 fits to the HST light curves. Panels b-e show the mean response functions and 1σ
error envelopes from the MCMC samples. Vertical lines in these panels show the mean and standard
deviation in 〈τ〉. Panels f-h show the inferred echo light curves with residuals included beneath each
light curve. Panel a shows the inferred driving light curve.
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Figure 5.3: As in Figure 5.2 but for the Swift light curves.
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Figure 5.4: As in Figure 5.2 but for the ground based light curves.
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Figure 5.5: Posterior probability histograms for the accretion disk parameters α, inclination and T1.
Blue indicates Model 1 with α≡ 0.75. Red indicates Model 2 with α a fitted parameter.
Figure 5.6: Mean lags with α ∼ 0.75 (Model 1, blue) and α fitted (Model 2, red). Markers show
(circles) Javelin and (diamonds) CCF lags from Papers II and III for comparison. HST Swift and
ground-based observation are coloured by magenta, orange and cyan respectively. Lags are plotted
relative to the HST 1367Å light curve (black line). The thin dashed line shows the lag spectrum for a
standard thin disk with L/LEdd = 0.1, and the thick dashed line shows the best fit model for a standard
disk with L/LEdd = 0.1 modified with the radially-dependant covering fraction (See Chapter 6).
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Figure 5.7: The radial temperature profiles (Equation 5.2) plotted for Models 1 (blue) and 2 (red)
respectively. The black vertical line indicates the reference radius of 1 light day. The inset shows the
corresponding response functions at 6000.
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Figure 5.8: Comparison of CREAM’s inferred driving light curve and the Swift hard (upper) and soft
(lower) X-ray light curves. The ordinate scale is normalized to the mean of the hard and soft X-ray light
curves, respectively, for the upper and lower panels. Blue and red lines show the driving light curves
inferred by Models 1 and 2, respectively (Table 5.1). The model light curves are shifted and scaled to
match the mean and RMS of the X-ray data. The dashed lines enclose the BLR anomaly (Goad et al.,
2016).
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5.5.1 Recovering f for Synthetic Light Curves
To ensure that CREAM is able to accurately obtain the rescaling factor, synthetic light curves are
again generated using the process described in Section 2.4.1. Gaussian noise is added to the
response light curves with SNR = 100 for light curves at ugriz wavelengths. The driving light
curve is a random walk. Incorrect error bars are simulated by perturbing the fake data points
from the ‘perfect’ model by a Gaussian distribution with mean zero and standard deviation
f σ. Error bars of size σ are then assigned to the data points, affecting an underestimate of
the true noise by a factor f . CREAM fits the ugriz light curves and is asked to find the error
bar rescaling factor f , inclination and M M˙ for 6 tested light curves with true rescale factors
ranging from f = 0.5 to f = 8.
Figure 5.9 shows the outcome of the fits. It is apparent that CREAM is able to correctly
estimate the error bar rescaling factor in all the examples tested. The spread in the inferred
f factor across the ugriz light curves appears to increase as the true f value is increased.
This should perhaps come as no surprise. As the size of the uncertainties on the parameter
estimates increases, one would expect the spread in these estimates for 5 sets of light curves
also to increase.
The inferred rescaling factor for the CREAM light curves is given in Tables 5.2 and 5.3.
The rescale factors are consistently less than two for the HST and Swift light curves (around
1 for the Swift points), indicating good agreement between the original and rescaled error
bar sizes. The ground-based light curves occasionally require significant (4< f <6) rescale
factors to reconcile the nominal error bars with the lamp post model. These high error bar
rescale factors can either be interpreted as an indication that the original error bars are too
small (perhaps due to unknown errors in the data reduction process), or of variability not
adequately modelled by CREAM’s linearised echo model.
Table 5.2: Error bar expansion factor f inferred by CREAM for the HST and Swift light curves, 〈σ〉 is
the mean error bar at each wavelength, and N is the number of data points for each telescope-filter
combination.
Telescope Filter f 〈σ〉 × f N χ2/(N f 2)
mJy
HST 1158 2.41± 0.15 0.11± 0.01 171 1.15
HST 1367 1.92± 0.13 0.09± 0.01 171 0.90
Continued on next page
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Telescope Filter f 〈σ〉 × f N χ2/(N f 2)
mJy
HST 1478 2.37± 0.15 0.10± 0.01 171 0.87
HST 1746 1.18± 0.08 0.09± 0.01 171 0.98
Swift UVW2 1.08± 0.05 0.09± 0.00 284 0.96
Swift UVM2 0.89± 0.04 0.12± 0.01 256 1.00
Swift UVW1 0.85± 0.04 0.13± 0.01 270 0.82
Swift U 0.82± 0.04 0.20± 0.01 270 0.99
Swift B 0.85± 0.04 0.22± 0.01 271 1.02
Swift V 0.78± 0.04 0.32± 0.01 260 1.21
Table 5.3: As in Table 5.2, but for the ground-based telescopes.
Telescope Filter f 〈σ〉 × f N χ2/(N f 2)
(mJy)
LT u 8.58± 0.65 0.23± 0.02 103 1.14
LCO/McD u 0.90± 0.12 0.54± 0.07 35 0.83
LCO/SAAO a u 3.37± 1.13 0.65± 0.23 7 1.80
Wise B 2.50± 0.28 0.09± 0.01 58 0.79
LCO/SAAO a B 1.38± 2.01 0.25± 0.37 2 1.06
LCO/SAAO b B 0.78± 0.34 0.17± 0.07 5 1.54
LCO/SAAO c B 0.88± 0.46 0.18± 0.10 4 1.40
CAO B 1.31± 0.15 0.21± 0.03 44 1.17
LCO/McD B 1.08± 0.48 0.09± 0.04 5 0.17
RCT B 1.57± 0.23 0.10± 0.02 30 0.78
WMO B 2.51± 1.97 0.25± 0.21 3 0.14
LT g 6.02± 0.45 0.13± 0.01 104 0.93
LCO/SSO a g 0.64± 0.18 0.20± 0.06 9 1.56
LCO/SSO b g 0.76± 0.23 0.25± 0.08 8 0.91
LCO/SAAO a g 1.00± 0.32 0.10± 0.03 8 0.75
LCO/McD g 1.14± 0.13 0.19± 0.02 43 0.80
Wise V 2.44± 0.24 0.09± 0.01 76 0.88
FO V 2.33± 0.22 0.15± 0.01 66 0.73
LOKAIT V 0.70± 0.07 0.20± 0.02 61 0.87
McD V 1.90± 0.22 0.14± 0.02 46 1.12
Maidanak V 1.77± 0.25 0.16± 0.02 30 0.89
WMO V 1.26± 0.18 0.12± 0.02 31 0.80
RCT V 2.89± 0.42 0.13± 0.02 31 0.58
Continued on next page
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Telescope Filter f 〈σ〉 × f N χ2/(N f 2)
HLCO V 1.45± 0.26 0.09± 0.02 20 0.89
MLO V 1.78± 0.68 0.25± 0.10 6 0.59
MLOAO V 2.36± 0.45 0.16± 0.03 17 1.12
LCO/SAAO b V 1.99± 0.52 0.17± 0.05 10 0.93
CTIO 1 V 0.61± 0.21 0.16± 0.05 7 1.31
CTIO 2 V 0.43± 0.10 0.07± 0.02 13 1.87
LCO/SAAO a V 1.31± 0.40 0.12± 0.04 8 0.96
LCO/SSO b V 1.69± 0.73 0.18± 0.08 5 0.57
LCO/SSO a V 1.10± 2.17 0.10± 0.19 2 0.87
LT r 6.10± 0.48 0.18± 0.02 99 1.12
LCO/SSO b r 0.70± 0.24 0.37± 0.13 7 1.17
LCO/SAAO a r 0.39± 0.12 0.31± 0.10 8 1.41
LCO/SAAO c r 1.41± 0.31 0.22± 0.05 14 1.47
LCO/McD r 1.84± 0.22 0.27± 0.03 44 1.07
Wise R 4.36± 0.45 0.19± 0.02 60 1.50
CAO R 1.31± 0.17 0.36± 0.05 34 1.02
Maidanak R 1.27± 0.70 0.16± 0.09 4 0.44
WMO R 2.96± 0.37 0.20± 0.03 38 0.88
LT i 6.58± 0.50 0.17± 0.01 108 0.94
LCO/SAAO b i 1.09± 0.61 0.20± 0.11 4 0.53
LCO/SAAO a i 2.80± 1.25 0.28± 0.14 5 0.31
LCO/SAAO c i 2.55± 0.52 0.25± 0.06 16 1.04
LCO/McD i 1.49± 0.18 0.17± 0.02 45 1.21
Wise I 4.56± 0.44 0.23± 0.03 64 0.99
CAO I 1.16± 0.15 0.35± 0.05 34 1.64
LT z 5.26± 0.40 0.20± 0.02 108 0.87
LCO/SAAO 1 z 0.83± 0.24 0.23± 0.07 9 0.58
LCO/SAAO 1 z 0.22± 0.08 0.16± 0.06 7 0.28
LCO/SAAO 3 z 1.06± 0.20 0.25± 0.05 17 0.93
LCO/McD z 1.05± 0.12 0.21± 0.03 45 1.26
5.6 Conclusions
In this chapter, I have fitted the reverberating lamp post disc model to light curve observations
of NGC 5548. The lags obtained from the CREAM fitting in this work (Starkey et al., 2017)
and the previous cross correlation/ Javelin studies (De Rosa et al., 2015; Edelson et al.,
2015; Fausnaugh et al., 2016a) suggest an accretion disc accreting at close to Eddington for
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this object, in conflict with previous estimates (Brenneman et al., 2012). In addition, the
CREAM-inferred driving light curve correlates poorly with the X-ray variability for this object.
The large lag problem might be explained by a truncated accretion disc that radiates very
poorly inward of some radius. Any mechanism whereby the inner disc emission is quenched
would inflate the time lags obtained by disc reprocessing at all wavelengths. The following few
chapters will discuss this phenomenon in more detail by attempting to obtain an accretion disc
spectrum, and a possible response function function for the X-ray to UV light curve response
for this object.
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Figure 5.9: The CREAM inferred error bar rescaling factor vs the true value. Colours indicate the ugriz
light curves used in the simulation. The blue dashed line shows the one to one line.
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6
NGC 5548: Accretion Disc Spectrum
6.1 Interband Continuum Analysis
In addition to the CREAM fits to the STORM light curves, I attempted to derive an accretion
disc spectrum from the continuum light curves in the 19 filters.
To separate the host galaxy and AGN flux contributions to the total continuum luminosity,
I invoke a variation of the flux vector gradient or flux variation gradient (FVG) technique
(Choloniewski, 1981; Cackett et al., 2007; Haas et al., 2011). FVG utilises the observed linear
relation between light curve points in two different filters across the observing period. In this
method, the host galaxy flux is fixed, and the AGN component varies with time. The results
can be written as the sum of two vector components ~C and ~S,
~fν
 
λ2

= ~C+ X (t)~S. (6.1)
This is illustrated with a cartoon diagram in Figure 6.1. This approach has the draw back
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Figure 6.1: Accretion disc response function ψ (τ|λ) for an accretion disc with a temperature radius
law given by Equation 5.2. Colours indicate the value of α.
102
6.1. Interband Continuum Analysis
that, when plotting the flux in one filter with the flux in another, error bars are present in both
the x and y dimensions. In Starkey et al. (2017), I perform a variant of the FVG technique
which I call an interband continuum analysis (ICA). Here the light curves are fitted with the
function
fν (λ, t) = Cν (λ) + X (t)Sν (λ) , (6.2)
where X (t) is the light curve normalized to 〈X 〉 = 0 and 〈X 2〉 = 1. The Cν (λ) and Sν (λ)
terms are the background spectrum and spectrum of the variable component.
The light curve fluxes are plotted against X (t) in Figure 6.2. At each wavelength, the
slope gives Sν (λ) and the intercept with X = 0 is Cν (λ). Observe the linear relation between
the accretion disc variations that exists at all wavelengths. The absence of any significant non
linearity in these plots shows that the linearised echo approximation, as fitted to the light
curves in Figures 5.2 to 5.4, is valid in this instance.
Figure 6.2 shows some additional interesting features. Firstly I note that the fit to the
ground u and Swift U light curves is significantly steeper than the fits to the other wavelength
light curves. It is not fully understood how this behaviour arises but I speculate here that
it may be caused diffuse Balmer continuum emission from the BLR (Korista & Goad 2001;
Fausnaugh et al. 2016a; Starkey et al. 2017). Steep ICA slopes also appear in the r light
curve; possibly a result of Hα BLR contamination (Fausnaugh et al., 2016a).
The Sν (λ) and Cν (λ) parameters are comparable to the F¯ν (λ) and ∆Fν (λ) CREAM pa-
rameters and I show these in Figure 6.3. Figure 6.3 shows that the CREAM and ICA inferences
for the constant and variable spectra are in general agreement.
The driving light curves obtained from the CREAM and ICA methods are compared in
Figure 6.4. These drivers are in general agreement but do exhibit one significant difference.
The ICA driver lags behind the CREAM-inferred driver. This is because the ICA methods obtains
the driver by fitting Equation 6.1 to the continuum light curves without considering the lags
between the driver and the continuum emission at longer wavelengths.
The analysis here can also be extended to estimate the accretion disc spectrum in the
bright and faint state by subtracting a suitable host spectrum. To estimate the host contribu-
tion, I extrapolate Equation 6.2 to where the flux at the shortest wavelength fν
 
λshort, t

= 0
103
Chapter 6. NGC 5548: Accretion Disc Spectrum
fνF#
fνB#
fνgal#
X(t)	  
0	   5	  
10	  
20	  
30	  
f υ
(λ
,t)
	  (m
Jy
)	  
Xgal	   XF	   XB	  
-­‐5	  
Figure 6.2: Fits of fν (λ, t) = C (λ) + S (λ)X (t) to the STORM light curve data. Extrapolating the
fitted lines to X (t) = Xgal gives the galaxy spectrum. Evaluating at X F and XB gives the faintest and
brightest spectra seen during the STORM campaign.
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Figure 6.3: Mean and RMS spectra obtained from the CREAM (blue) and ICA (red) methods.
(i.e I assume the host galaxy spectrum is 0 at the shortest wavelength). This is shown by the
left vertical line in Figure 6.2 marked Xgal =−4.2. The host galaxy spectrum is then given by
the intersection of this vertical line with the model evaluated at each wavelength
f galν (λ) = Cν (λ) + Sν (λ)Xgal. (6.3)
Similarly, the faint f Fν and bright f
B
ν state disc fluxes are obtained using
f Fν (λ) = S (λ)

XF − Xgal

, (6.4)
and
f Bν (λ) = S (λ)

XB − Xgal

, (6.5)
where (from Figure 6.2) XF = −2.7 and XB = 2.2. The resulting estimate for the mean
accretion disc spectrum is shown in Figure 6.5, where I correct for Milky Way reddening using
the dust law of Seaton (1979). Figure 6.5 shows an accretion disc spectrum well below that
expected for a black hole accreting at 10% of the Eddington Luminosity. In contrast, the
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Figure 6.4: Comparison of the Swift hard (upper) and soft (lower) X-ray light curves with the ICA
(red) and CREAM-inferred (blue) Model 1 5.1 driving light curves. The cordinate scale is normalized
to the mean of the hard and soft X-ray light curves, respectively. The dashed lines enclose the BLR
anomaly (Goad et al., 2016).
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temperature-radius structure inferred by the light curve time lags (Figure 5.7 and CCF studies
(Fausnaugh et al., 2016a)) yields Eddington ratios close to 1 (Figure 5.6). This suggests that
the time lags obtained by the CREAM and CCF analysis are too large to be explained solely by
a standard thin disc model.
I now offer another suggestion for the general disagreement between the Eddington ratios
inferred from the time lag analysis (CREAM, CCF) and the ICA approach. One possibility is
that an obscurer acts to dim the disc spectrum, effectively reducing the observed solid angle
element of each annulus of the disc. This would simultaneously dim the accretion disc and
increase the lags as observed. I consider a radius-dependant covering fraction that takes the
form
fc (r) = f1

r
r1
γ
. (6.6)
The two parameters are the covering fraction f1 at r1 = 1 light day, and a slope parameter γ
that governs how quickly the disc transitions from fully black body-emitting annuli ( fc = 1) to
annuli with little or no black body emission ( fc = 0). I incorporate the covering fraction into
our calculation of the transfer function (Equation 2.11) and the disc spectrum. These now
take the form
ψ(τ|λ) =
∫
dΩ
∂ Bν(T (r),λ)
∂ T (r)
∂ T (r)
∂ Lx
∂ Lx
∂ Fx
fc (r)δ(τ−τ(r,θ)), (6.7)
and
fν (λ, T (r)) =
∫
2hc
λ3
1
ehc/λkT (r)− 1 fc(r)dΩ, (6.8)
where the parameters are defined in Equations 2.11 and 2.1. I proceed by calculating the lag
spectrum and disc spectrum appropriate for L/LEdd = 0.1, assuming a black hole efficiency of
0.1 and MBH = 107.7 (Pancoast et al., 2014b). I then modify these spectra by introducing the
disc covering shown in Equation 6.6. Using a simple grid search, simultaneously minimizing
χ2 of the CCF lags (Fausnaugh et al. 2016a and Figure 5.6) and the mean disc spectra (Figure
6.5), I optimize the covering fraction parameters r1 and γ. The best-fit values and uncertain-
ties are f1 = 0.34± 0.01 and γ = 0.33± 0.03. The dashed lines in Figures 5.6 and 6.5 show
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how the covering fraction modifies the lag and disc spectra respectively. Figure 5.6 shows that
incorporating a partially covered accretion disc does increase the time lags but not sufficiently
enough to account for the observed lags. Figure 6.5 also shows that the accretion-disc spec-
trum is too faint to be explained by a standard black body accretion disc with L/LEdd = 0.1,
and that a partial black body disc model can again go some way to account for this.
The larger disc spectrum inferred by the time lags may also support the findings of Gard-
ner & Done (2016) whereby the disc does not respond to a single point source driving light
curve, but rather to a diffuse region that intercepts X-ray photons and re-emits these onto the
accretion disc. In this scenario the time lags increase instead of the disc being dimmed. This
hypothesis is further supported by the poor correlation between the CREAM-inferred driving
light curve and the Swift X-ray light curves.
6.2 Accretion Disc Fitting
In the previous section I focussed on a covered disc model with a fixed Eddington ratio and
mass from the literature and fitted it to the mean disc spectrum. Here, I fit a reddened black
body disc model to the faint and bright accretion disc spectra ( f Fν (λ) and f
B
ν (λ)). The model
is parametrized by the black hole mass MBH, and the temperature at 1 light day for the disc
in the faint and bright states (T F1 and T
B
1 ). The fitted model takes the form
f Fν (λ) = f100

λ, T F1 , MBH
100
DL
2
(6.9)
f Bν (λ) = f100

λ, T B1 , MBH
100
DL
2
(6.10)
where f100 represents the disc spectrum at DL = 100Mpc. The extinction is incorporated into
the f100 term using
f100 (λ) = F100 (λ)10
−0.4A(λ)E(B−V ), (6.11)
where A(λ) depends on the fitted extinction law (Figure 6.7) and is evaluated at E(B−V ) = 1.
For each parameter I numerically evaluate the disc black body spectrum on a grid spaced
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logarithmically in radius from 3rs to 1000rs and uniformly in azimuth.
I initially use this fit to estimate MBH by adopting an AGN extinction law (Gaskell et al.,
2004) and an E(B− V ) parameter of 0.16 (Cackett et al., 2007). I then calculate DL for NGC
5548 assuming the standard cosmology.
The results in Figure 6.6 show that the reddened black body model appears to reproduce
the short wavelength turn down observed in the bright and faint accretion disc spectra. I
note a significant discrepancy between the disc spectrum calculated from the CREAM-inferred
temperature profile (Figure 5.7) and that obtained from the ICA fitting (Figure 6.2). This
further supports the claim that the lags obtained from the CREAM (and cross correlation)
fitting are too large for a standard thin accretion disc.
I also note that these mass estimates are a factor of around 6 larger than previous studies
(Pancoast et al., 2014b; Bentz et al., 2013; Peterson et al., 2004). To examine whether this
is an artefact of the assumed dust law, the fit is trialled with LMC and SMC dust laws of
Gordon et al. (2003) and a Milky Way reddening law (Fitzpatrick, 1999), this time including
the E(B − V ) parameter in the fit (See Figure 6.7). Results, shown in Table 6.1 and Figure
6.6, show a dispersion in log MBH for the four dust laws fitting E(B-V) from 7.7 to 8.5 with
a typical uncertainty of 0.2 dex. I also note that the fits tend to yield high values for DL ,
indicating that a standard thin disc would have to be much farther away than the accepted
distance to NGC 5548 to explain the observed high continuum lags and correspondingly high
temperature radius law.
6.2.1 Where is the Absorbed Energy Re-emitted?
There is another problem with the hypothesis that the faint disc emission is caused by AGN
extinction. Traditionally, the absorbed optical light is re-emitted by the AGN in the infrared,
whose spectrum exhibits a pronounced ‘bump’ feature around 1µm (Edelson & Malkan, 1986;
Hoenig, 2013). In NGC 5548 however, broad-band SED models show no evidence of this fea-
ture (Mehdipour et al., 2015). Despite the apparent lack of dust re-emission signatures, past
reverberation mapping campaigns have measured lags of around 45 days (Suganuma et al.,
2006) between the optical and near infra red emission. From the inferred constraints on the
temperature radius law given in Table 5.1, I calculate a dust sublimation radius (correspond-
ing to a temperature of 1500K) of 783 ± 33 and 382 ± 81 light days for Models 1 and 2
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Table 6.1: Fit parameters for the faint and bright disc spectra shown in Figure 6.6.
Dust Law log MBH DL cz/DL E(B− V ) T F1 T B1 χ2red
M Mpc kms−1Mpc−1 ×103 K ×103 K
AGN 7.2± 0.17 ≡ 77 ≡ 68 ≡ 0.16 2.03± 0.10 5.17± 0.55 6.16
AGN 8.50± 0.23 703± 201 7.2± 2.1 0.07± 0.02 20.30± 6.34 28.77± 6.34 1.61
SMC 7.84± 0.28 737± 256 6.9± 2.4 0.06± 0.02 19.14± 7.28 28.80± 7.42 1.21
LMC 7.98± 0.17 686± 159 7.4± 1.7 0.13± 0.01 20.43± 5.06 30.48± 5.15 1.43
MW 7.73± 0.16 672± 139 7.6± 1.6 0.13± 0.01 20.42± 4.48 31.54± 4.57 1.42
SMC 1 ≡ 7.72 626± 105 8.1± 4.57 0.07± 0.01 17.27± 3.18 26.37± 3.26 2.79
SMC 2 ≡ 7.72 ≡ 77 ≡ 68 1.98± 0.02 4.24± 0.91 5.76± 0.91 151.8
1 log MBH ≡ 7.7
2 log MBH ≡ 7.7, DL ≡ 77Mpc
respectively. These would suggest an inner radius for dust sublimation that is far greater than
the optical-to-dust lag observed by Suganuma et al. (2006). I note however that the temper-
ature profile inferred by CREAM is affected by the same unknown physics that has inflated the
lag measurements in both the Javelin (Fausnaugh et al., 2016a) and CCF (De Rosa et al.,
2015; Edelson et al., 2015) analyses. If I instead assume a standard accretion disc with a
mass MBH = 107.7M (Pancoast et al., 2014b) and Eddington ratios of 1% to 10%/ , I obtain
sublimation radii of 11.6 and 5.4 light days respectively. This indicates that a dust lag of 45
days (Suganuma et al., 2006) is certainly feasible.
These lag studies would seem to indicate a dust component that absorbs and re-emits
the accretion disc emission, even in the apparent absence of the dust spectral signatures. It
may be the case that the I.R bump appears at higher wavelengths in this object (the STORM
campaign only extended to around 9000Å , and that longer wavelength coverage is need to
detect it. In any case, further conclusions on the reprocessing energetics of NGC 5548 would
benefit enormously from future broadband spectral monitoring campaigns.
6.3 Conclusions
This chapter models the accretion disc spectrum of NGC 5548 both using the temperature
radius law inferred from light-curve-time-lag arguments, and the flux-vector-gradient tech-
nique to obtain and subtract the host component. I find that the large light curve lags give
rise to a bright accretion disc spectrum. At the longest wavelength observed, light curve lags
are around 3 times what would be expected for a black body accretion disc accreting at 10%
of the Eddington luminosity. This discrepancy can be resolved either by moving the target
further away (reducing H0) or, more realistically, by considering a partially efficient accretion
110
6.3. Conclusions
1000 2000 5000 9000
Wavelength 
1
10
40
f ν
( λ
)  
(m
Jy
)
L/LEdd =0.1 (Standard)
L/LEdd =0.1 (Including fc )
Mean
Mean (de-reddened)
Figure 6.5: The mean reddened (red points) and dereddened (black points - assuming just a milky way
dust law) accretion disc spectrum from Equations 6.4 and 6.5. The dotted line shows the spectrum
for a standard black body disc with L/LEdd = 0.1 assuming a black hole efficiency of 0.1, assuming
MBH = 107.7 Pancoast et al. (2014b). The thick dashed line shows the best-fit model for a partially
covered accretion disc (Equation 6.6) fitted simultaneously to the mean spectra and the CCF lags
(Figure 5.6).
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Figure 6.6: As with Figure 6.5 for additional reddening laws. Cyan lines show the galaxy spectrum
evaluated using L(t) = Lgal (Equation 6.2). Black points show the faint and bright disc spectra (Equa-
tions 6.4 and 6.5). Red lines show the best fit model and uncertainty envelopes assuming one of four
dust laws. Dashed lines show the model before reddening. Assumed reddening laws are shown in the
top left of each panel. Parameter fits are shown in Table 6.1.
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Figure 6.7: Extinction coefficient A(λ) for the tested dust laws. Milky Way (Seaton, 1979) (black
line), SMC (Gordon et al., 2003) (red), LMC (Gordon et al., 2003) (blue) and AGN (Gaskell et al.,
2004) (green). Plotted curves are evaluated for E(B− V ) = 1. Left and right dashed lines respectively
show the B and V wavelengths.
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disc either covered by some obscuring medium, or that perhaps truncates inward of some
radius. A truncated inner disc would inflate the time lags by removing the inner disc material
with short lags. A truncated inner disc is proposed in the model of Gardner & Done (2016) in
which the inner part of the disc is replaced by a cylindrical X-ray absorber that blocks the di-
rect view of the X-ray lamp post by the disc. Such a model would also explain the uncorrelated
X-ray, UV/optical behaviour of the NGC 5548 light curves. Other models include radiatively
inefficient accretion flows such as advection dominated accretion flows (ADAFS) (Narayan
et al., 1998).
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7
Recovering the X-ray Response Function of NGC
5548
This chapter follows on from the work of Chapter 5. In Chapter 5 I demonstrated that the
NGC 5548 continuum light curves (from the NGC 5548 2014 AGN STORM observing cam-
paign) correlate poorly with the X-ray light curves. The most obvious conclusions from this
observation are either that the X-rays do not drive the accretion disc variability at all, or that
some absorbing medium intercepts the X-ray photons before re-emission to the accretion disc.
Such a double reprocessing model was suggested by Gardner & Done (2016) in which X-ray
photons are first intercepted by a cylindrical region located between the X-ray source and ac-
cretion disc. It is this medium (also responsible for the soft X-ray excess spectral component)
that re-emits photons toward the disc.
In this chapter, I test the extent to which Fourier methods can be used to constrain the
geometry of the absorbing medium between the X-ray source and accretion disc. Specifically
this section tests how well Fourier methods can recover the response function of the absorbing
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region (Gardner & Done, 2016) between the X-ray source and accretion disc.
7.1 Standard Fourier Techniques
Along with introducing Reverberation Mapping in the 1980’s Blandford & McKee (1982) pio-
neered the use of the ‘Fourier Method’ to recover response functions between AGN continuum
light curves and emission line light curves. The technique employs the convolution theo-
rem. Consider a driving light curve x(t) and echo light curve f (t) in which one is a delayed,
smoothed version of the other with response function ψ (τ) (as standard),
f (t) =
∫
ψ (τ)x(t −τ) dτ. (7.1)
The convolution theorem states that the Fourier transforms of these functions behave accord-
ing to the relation
Ψ(ω) =
F(ω)
X (ω)
, (7.2)
where the capitalised Ψ(ω) denotes the Fourier transform of ψ (τ), where
Ψ(ω) =
∫
ψ (τ)exp (−iωτ) dτ (7.3)
and i ≡p−1. In order to obtain the response functionψ (τ), one therefore need only take the
input driving and echo light curves, interpolate them onto a common time grid, compute the
Fourier transforms, take the ratio of these and inverse transform the result. I now consider
an ideal case that shows the Fourier method applied to recover the accretion disc response
function for a standard lamp post model picture, where fake X-ray and u-band disc response
light curves are generated following the procedure in Chapter 2. I first consider the ideal
case of noiseless light curves sampled with 0.1 day cadence. These are interpolated onto a
common time grid and Fourier transformed. The inverse Fourier transform of the ratio of
Fourier transforms is then the response function.
The result is inverse transformed and compared with the input (true) response function in
Figure 7.1. It can be seen from this figure that Fourier inversion is adequately able to recover
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Figure 7.1: Upper: Simulated noiseless (SNR = 105) driving light curve sampled at 0.1 day cadence.
The red line shows the response light curve obtained using Fourier inversion (Equation 7.2). The
dashed black line shows the true response light curve. Middle: Solid line and grey region show the
response function obtained using Fourier inversion of the driver and echo light curves. The dashed line
shows the true response function. Lower: The phase lag obtained using the cross spectrum techniques
in Section 7.1.1.
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Figure 7.2: Same as Figure 7.1 but with light curves sampled at 1 day cadence with SNR = 100. The
grey envelopes in the middle panel show that the response function cannot be adequately recovered
with light curves of this quality.
the input response function. This result is somewhat unsurprising due to the high cadence
and signal to noise adopted for this particular synthetic dataset.
There is a problem with adopting this technique to obtain the X-ray to UV response func-
tion for the NGC 5548 STORM light curves. The problem is simply that the lags are much
shorter than those between continuum and disc (lags less than one day are typical for ac-
cretion disc light curves (Edelson et al., 2015; Fausnaugh et al., 2016a)). Additionally, for a
typical 1-day observing cadence of both X-ray and UV light curves , there is simply insufficient
information contained within the light curves to recover the response function using Fourier
techniques. This is shown in Figure 7.2.
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7.1.1 Aside: Cross-Spectrum
In addition to calculating the response function (the inverse of the ratio of echo to driver
fourier transforms), I analyse the cross spectrum of the two light curves. This produces not
just a response function for the light curves, but shows the time lag as a function of Fourier
frequency. Uttley et al. (2014) use the cross spectrum to show that UV light curves lag X-ray
light curves on short time scales, but lead on large ones.
The cross spectrum is calculated as follows. Consider two light curves x(t) and f (t),
with Fourier transforms X (ω) and F(ω). Assuming one light curve is a smoothed and lagged
version of the other, the Fourier transforms take the form
X (ω) = Aeiθ(ω), (7.4)
and
F (ω) = Bei(θ(ω)+φ(ω)), (7.5)
where θ is the phase of the complex Fourier term with amplitudes A and B. The φ(ω) term
indicates the phase lag between X (ω) and F(ω) as a function of frequency. Taking the com-
plex conjugate of Equation 7.5 and multiplying the result by Equation 7.4 yields the cross
spectrum,
C (ω) = X (ω) F∗ (ω) = ABe−iφ , (7.6)
where the phase lag is now simply
φ = arccos

real [C (ω)]
AB

, (7.7)
and can be converted into a time lag using
τ (ω) =
φ
ω
. (7.8)
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7.2 Linear Inversion
It is clear that standard Fourier inversion techniques (Blandford & McKee, 1982) are insuffi-
cient to recover the X-ray to UV response function. To proceed further, I attempt to overcome
the low cadence problem using a so called regularised linear inversion (RLI) technique similar
to that employed by Krolik & Done (1995) and Skielboe et al. (2015).
The underlying principle of the technique is as follows. Consider a driving light curve
X (t) with response function ψ(τ) and echo light curve f (t). In summation notation, these
are related by
fi =
N j∑
j=1
X i jψ j∆τ, (7.9)
where X (t) = FX (t)− 〈X 〉, f (t) = F(t)− 〈F〉, X i j indicates X (t i − τ j) and τ j = ( j − 1)∆τ.
The goal of linear inversion is to optimize each of the N j parameters ψ j to reconstruct the
response function. As with most linear minimization processes the quantity to minimize is
(for now) χ2, where
χ2 =
N∑
i=1

fi − Di
σi
2
, (7.10)
for data Di with errors σi . To obtain each response function parameterψ j we require that the
derivative of 7.10 with respect to ψ j be equal to zero. Combining Equation 7.9 with Equation
7.10 and differentiating yields
∂ χ2
∂ψk
= 2
∑ fi − Di
σ2i

X ik = 0. (7.11)
Collecting the parameters to be minimized (ψ j) on one side of Equation 7.11 and simplifying
gives
N j∑
j=1
ψ j
Ni∑
i=1
X ijX ik
σ2i
=
Ni∑
i=1
X ikDi
σ2i
. (7.12)
Equation 7.12 can be recast in matrix form as
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∑N
i=1
X i1X i1
σ2i
.. .. ..
∑N
i=1
X iNj X i1
σ2i
:
:
:∑N
i=1
X i1X iNk
σ2i


ψ j=1
:
:
:
ψN j
=

∑N
i=1
X ikDi
σ2i
:
:
:
Nk
 (7.13)
Equation 7.13 is now in the form
H ψ= C , (7.14)
where H is the Hessian matrix to be minimized using least squares fitting. The parameters
ψ=ψ1...ψN j take the form
ψ= H−1C . (7.15)
Unfortunately, minimizing χ2 using Equation 7.13 yields a response function little better
(Figure 7.3) than that inferred using Fourier inversion methods. One day cadence on both
X-ray and UV light curves is simply too low to resolve a response function with any physical
meaning.
I proceed by minimizing not χ2, but both χ2 plus some additional constraint. In this case,
following the techniques of Krolik & Done (1995) and Skielboe et al. (2015), I introduce a
smoothing constraint to a badness of fit (BOF) statistic. The function to be minimized is
BOF= χ2+
N j−2∑
j=3
 
ψ j+1+ψ j−1

2
−ψ j
!2
+ψ21+ψ
2
2+ψ
2
N j−1+ψ
2
N j
. (7.16)
The N j summation excludes j = 1,2, N j−1 and N j due to edge effects that will become appar-
ent in the next step. Following the procedure of Equation 7.11, Equation 7.16 is differentiated
with respect to ψ j yielding
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Figure 7.3: Upper: Simulated driving light curve with SNR = 100. Black points show the data and
the blue line shows a random walk model fitted to the data. Middle: The simulated response light
curve generated by convolving the driving light curve with a Gaussian of mean 4 days and width 1 day.
Lower: Transfer function recovered using linear inversion with no smoothing constraint. The input
Gaussian response function is completely irrecoverable in this example.
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∂ BOF
∂ψk
= 2
Ni∑
i=1
 
fi − Di
σ2i
X ik+
 
0.5ψk−2− 2ψk−1+ 3ψk − 2ψk+1+ 0.5ψk+2= 0, (7.17)
for 2 < k < N j − 1. The term inside the square brackets represents an additional smoothing
constraint. A smooth response function minimizes this term in the badness of fit by steering
each point in the response function to the arithmetic mean of the adjacent points. At the edges
(where k = 1, 2, N j − 1 and N j) the constraint is slightly different and takes the form
∂ BOF
∂ψk
= 2
Ni∑
i=1
 
fi − Di
σ2i
X ik+ 2ψk = 0. (7.18)
The reasoning behind the separate edge treatment for the response function at indices k =
1,2, N j − 1 and N j is simply that Equation 7.17 cannot be defined for k < 2 and k > N j − 2.
In other words, if we are at index k = 1, what do we chose for ψk−2? This constraint simply
favours a response close to zero at the edges.
The full smoothing constraint can be represented in a square N j by N j matrix as
S ψ =

2 0 0 0 0 0 0 0 .. ..
0 2 0 0 0 0 0 0 .. ..
0.5 −2 3 −2 0.5 0 0 0 .. ..
0 0.5 −2 3 −2 0.5 0 0 .. ..
0 0 0.5 −2 3 −2 0.5 0 .. ..
0 0 0 0.5 −2 3 −2 0.5 .. ..
: .. .. .. .. .. .. .. .. ..
0 0 0 0 0 0 0 .. 2 0
0 0 0 0 0 0 0 .. 0 2


ψ j=1
:
:
:
:
:
:
:
:
ψN j

(7.19)
The smoothing constraint is incorporated into the matrix Equation 7.15 which becomes

H + S

ψ= C . (7.20)
Formally, the set of parameters ψ j are given by
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Figure 7.4: As in Figure 7.3 but fitted using Equation 7.21 with κ/κ0 specified in the legend.
ψ=

H +κS
−1
C . (7.21)
The dimensionless parameter κ has been introduced to control the relative weights of the
smoothness and χ2 terms in fitting the data.
7.2.1 How is κ Determined?
In order to fit the AGN STORM X-ray and UV light curves using the smoothed linear inversion
technique, a suitable value of κ must be determined to achieve the correct balance between
smoothness and fit quality. There is no hard and fast rule here. A sensible choice is to de-
fine a value, κ0, that gives equal weight to the χ
2 and smoothness components of the BOF
(W.H.Press et al., 1992). This takes the form
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κ0 =
Tr

HT H

Tr

ST S
 , (7.22)
where T indicates the transpose and Tr indicates the matrix trace (the sum of the diagonal
terms). Figure 7.4 shows a fit to synthetic light curves for various values of κ/κ0. It can be
seen that lower values of κ/κ0 increasingly ignore the smoothness constraint: they produce a
lower χ2 value at the expense of smoothness (or realism) of the recovered response function.
Setting a higher κ/κ0 returns a smoother response function at the expense of χ
2. Skielboe
et al. (2015) conduct tests on the optimum choice of κ/κ0 and find good results are generally
found by setting κ/κ0 = 1. I follow this prescription here for the STORM analysis.
7.3 Application to the swift X-ray and HST 1158Å light curves of
NGC 5548
I proceed by fitting Equation 7.21 to the STORM UVW1 light curve of NGC 5548. Since RLI
cannot simultaneously constrain both the driving and echo light curves alongside the response
function, I assume the hard X-ray light curve drives the continuum variability and fit this with
a random walk. I then use RLI to constrain the response function using the UVW1 light curve
as the accretion disc echo.
Figure 7.5 shows the results of fitting the X-ray and swift UVW1 light curves using the
regularized linear inversion technique. I discus the justification of setting κ/κ0 = 1 in the
previous section but plot three examples here for comparison. It is apparent that all three
models prefer response functions that are broad and centred around zero. RLI includes each
point on a fine-0.1 day time lag grid as a parameter (ψk at lag τk). This grants the model
considerable extra freedom over CREAM to fit response functions of different shapes. The fit
can include both negative delays and negative responses whereas CREAM’s-inferred response
cannot. Due to this excess freedom inside the parameter space, we require very well sampled-
high-signal-to-noise data for the RLI technique to provide useful insight into the accretion
structure. It is not apparent from these fits which light curve leads the other.
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Figure 7.5: Top: The X-ray light curve shown by the points with the blue line showing the interpolation
grid used in the RLI fit. Middle: swift UVW1 light curve shown by the data points. Lines show RLI fits
with colors showing the different assumed values of κ/κ0. Lower: Inferred response functions with
colours showing fits with the values of α/α0 shown in the legend.
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Table 7.1: Comparison of the UVW1 light curve fits using the CREAM and RLI methods.
RLI κ/κ0 = 0.1 RLI κ/κ0 = 1 RLI κ/κ0 = 100 CREAM CREAM (X-ray cut)
χ2/270 0.35 0.63 0.85 0.81 0.73
7.4 CREAM Comparison
In the previous section I attempted to use regularised linear inversion (RLI) to recover the
X-ray-to-UV response function. This method proved uninsightful due to the extra freedom
afforded to RLI to fit any shape as the response function with no physical constraints beyond
‘smoothness’ of the response function.
In Chapter 5, I used CREAM to recover the driving light curve with no data constraint on
the driver itself. This is how CREAM is designed to function. Here, I modify CREAM to fit the
random walk model directly to the X-ray light curves, hence assuming that these are the driver
of variability. The UVW1 is then fitted with the CREAM thermal reprocessing model. I note
that the X-rays appear to decorrelate significantly from the UV at times later than 6813 days.
Here there is a substantial bump in the UV that is not replicated by the X-rays. I therefore fit
the random walk model to the X-ray light curve both including and excluding the period after
decorrelation.
Figure 7.6 shows the results of the fit. It can be seen that the UV light curve is indeed well
fitted by a model that smooths and delays the UV relative to the X-ray light curve. It can be
seen that the CREAM fit requires a high degree of smoothing to map the X-rays onto the UV
light curves. The RLI results in Figure 7.5 also show a high degree of smoothing, but with
no obvious preference toward positive or negative lags. An issue here is that the smoothing
required is much higher than predicted for a black hole accreting at 10% Eddington luminosity.
For reference, the response function for such a model is expected to have a mean delay of 0.3
days, and the CREAM fits show mean lags much higher than this (Figure 7.6). As mentioned
in previous chapters, one remedy to this problem would be a truncated accretion disc model
in which the inner disc is either radiatively inefficient (Narayan et al., 1998) or otherwise
blocked from direct reprocessing of X-rays (Gardner & Done, 2016). Such models need to
explain both the large mean lag and high degree of smoothing experienced by the UV light
curve.
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Figure 7.6: CREAM fit to the hard X-ray and UVW1 light curves for NGC 5548. The red and blue lines
show the fits respectively including and excluding the X-ray light curve after the period of decorrelation.
Top: X-ray light curve. Middle: UVW1 light curve. Bottom: Response function. Vertical lines show
the mean delay. Horizontal lines show the full width half maximum (FWHM). Shaded regions show
1σ uncertainty envelopes.
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7.5 Limitations
Both fitting methods suffer from several limitations that future work may overcome. Firstly it
is difficult to directly compare the CREAM and RLI methods here as CREAM does not allow
negative responses at any time lag (i.e if the X-ray emission increases, so must the UV). Ad-
ditionally CREAM does not allow for a response at negative time delays. In contrast, the RLI
method tends to exhibit a slight preference toward negative mean delays for the UV response
function, and includes negative response. Whilst CREAM is limited in its inability to fit both
negative lags and negative responses, the RLI method runs into difficulty as the results are
very sensitive to the assumed smoothing parameter (κ in Equation 7.21). The fit statistics for
the CREAM and RLI fits are summarized in Table 7.1 and it can be seen that the RLI, that
has extra freedom in fitting responses of any shape, has a lower χ2. The other drawback of
RLI is that it is a non physical model: it does not use physical parameters to fit the response
function. This makes it more difficult to draw physical conclusions from the RLI fit. In order
for such fitting methods to convey any physical meaning, further work is required to establish
sensible constraints (in addition to ‘smoothness’) for future observing campaigns.
7.6 Conclusions
This chapter has investigated the apparent lack of correlation between the X-ray and HST
1158 Å UV light curve of NGC 5548 during the 2014 STORM monitoring campaign. I applied
a regularized linear inversion technique to fit the response functions. This type of fitting has
advantages over methods such as CREAM (Chapter 2) that it does not impose any accretion
disc model during the fitting process.
I found that a very broad response function centred around zero lag is required to smooth
the X-rays sufficiently to correlate with the UV light curve. Even with this smoothing, there
are periods within the light curve where a rise in UV flux is not precipitated by a rise in the
X-rays.
I attempt to compare the RLI fitting with a direct CREAM fit to the X-ray light curve. This
analysis was not performed in Starkey et al. (2017) as CREAM previously was used to infer the
driving light curve without the need for data constraints or the assumption of an X-ray-origin.
I find that the UV and X-rays do appear to correlate well, but not for the entire observing
129
Chapter 7. Recovering the X-ray Response Function of NGC 5548
campaign. A bump in the UV just after 6813 days is not repeated in the X-ray light curve. I also
find from both CREAM and RLI modelling that the response function is significantly broader
than expected for a standard thermal reprocessing black body accretion disc accreting with an
Eddington ratio of 0.1. This is also the finding of Gardner & Done (2016). Possible reasons
for this anomalous behaviour maybe that the line of sight from X-ray source to observer was
blocked by intervening material (debris from accreting matter). Such a scenario is easy to
conceive of since the solid angle subtended by the X-ray source is much smaller than that of
the accretion disc (e.g it would be relatively easy to block our view to the X-ray source without
completely blocking the disc). It may also be the case that the UV light curve does not follow
the X-rays at all and that some other physical mechanism is responsible. This interpretation is
perhaps less attractive due to the presence of observations of other objects that show a good
correlation between X-rays and UV (Troyer et al., 2016), forcing us to abandon the ‘one shoe
fits all’ hypothesis.
Whatever the physical mechanism between the X-ray and UV light curves, it is clear that
investigation in this field is far from over.
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8
A Tilted Disc Model for NGC 5548
The following chapter continues on from the light curve modelling of NGC 5548 presented
in Chapter 5. The CREAM results in Chapter 5 showed that the light curve driving the con-
tinuum UV and optical variability in NGC 5548 clearly did not correlate with either the swift
hard or soft X-ray light curves. The double-reprocessing model of Gardner & Done (2016)
suggests that the standard accretion disc does not begin until approximately 200rg where
rG = GMBH/c2 (around 0.01 light days for a 108MBH). In this model, the X-ray photons are
first reprocessed by a cylindrical region between the X-ray corona and the highly truncated
accretion disc.
In this chapter I investigate an alternative picture. This is motivated by several features
observed in both NGC 5548 and other AGN in general. Firstly despite the poor correlation
between the X-ray and UV light curves in the 2014 STORM observing campaign, the pattern
of increasing light curve time delay from short-to-long wavelengths has been shown to occur
in many objects (Wanders et al., 1997; Collier et al., 1998; Sergeev et al., 2005; Cackett et al.,
2007; Shappee et al., 2014; Edelson et al., 2015; Fausnaugh et al., 2016a), including NGC
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5548 in the past. This is consistent with an outward-decreasing temperature gradient that is
responsible, at least in part, for the observed continuum light curves. Additionally the iron Kα
line has been previously observed in many AGN, indicating a strong disc like signature with
relativistic effects implying close proximity to the black hole (Iwasawa et al., 1996; Nandra
et al., 1997; Ricci et al., 2014). The iron Kα emission originates very close to the black hole
as evidenced by the special relativistic and general relativistic effects observed in the line
broadening pattern. This pattern requires the material to be orbiting at relativistic speeds
very close to the black hole. It is difficult to envisage how this could occur in accretion models
that truncate the inner disc altogether.
This chapter presents a toy model in which a nested accretion disc structure is present in
NGC 5548. The twin structure comprises a misaligned inner and outer accretion disc with
a sharp transition at some radius rtip. The model includes a lamp post that heats the inner
accretion disc. The inner disc then heats the outer disc which then feeds back to the inner disc
and initiates a complex delay pattern where the two discs continuously heat each other. The
twin discs in effect each act as a lamp post for the other disc. Such a model is predicted in the
literature (e.g Nealon et al. (2015)) where a misalignment between the spin axis of the black
hole and outer accretion disc causes the disc to tear into two distinct structures. I will present
model response functions for the inner and outer accretion disc and analyse how these are
affected by the tearing radius. I will also examine the effect of this model on the BLR emission
lines and response functions by calculating the velocity-delay map for a simple BLR geometry.
8.0.1 Energetic Considerations
Before attempting to construct toy models for accretion disc tearing, one should first question
whether the inner accretion disc even has sufficient energy to affect the outer disc via self
heating processes. In the steps below, I investigate whether the inner accretion disc emits a
significant fraction of the total bolometric luminosity. If this contribution is negligible, then a
misaligned inner disc cannot impart sufficient energy to the outer disc to significantly raise its
temperature. To first order, I consider the half light radius r1/2. This is the radius at which a
misaligned inner disc contains half of the total bolometric luminosity Lbol where
Lbol = σ2pi
∫ ∞
rin
T4 (r) rdr. (8.1)
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Assuming a radial temperature profile T4 = T40

r
r0
4α
, Equation 8.1 simplifies to
Lbol =
σ2pi
r4α0
∫ ∞
rin
r4α+1dr. (8.2)
Integrating gives
Lbol =
1
4α+ 2
A
r4α0

r4α+2
∞
rin
. (8.3)
Assigning all constant terms to a new variable B = 1
4α+2
A
r4α0
and noting that (for α < −1/2) B
is negative, Equation 8.3 further simplifies to
Lbol =−B

r−1
∞
rin
. (8.4)
Noting that 1/∞= 0 Equation 8.4 becomes
Lbol =− Brin . (8.5)
If the upper integral limit in Equation 8.2 is replaced by a finite radius rgen, we obtain the
bolometric luminosity Lgen within that radius, given by
Lgen =−B

1
rin
− 1
rgen

. (8.6)
The half light radius is finally given by setting Lgen/Lbol = 1/2. It follows from Equations 8.4
and 8.5 that
Lgen
Lbol
=
1
2
= 1− rin
r1/2
, (8.7)
with a half light radius r1/2 given by
r1/2 = 2rin. (8.8)
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I set rin = 6rg , the inner most stable orbit (ISCO) for a non-spinning black hole. From N-
body simulations, Nealon et al. (2015) expect a misalignment radius between 40rg and 200rg ,
well above the half light radius derived above. The inner disc hence contains a significant
fraction of the bolometric luminosity and is therefore able to heat the outer accretion disc
considerably.
8.0.2 Accretion Disc Model
I construct a tilted disc reprocessing code in a general way to consider the broadest possible
range of disc structures. The accretion disc is composed of discrete components with Cartesian
co-ordinate ~x =
 
x , y, z

. Each co-ordinate has an associated area vector ~A whose magnitude
and direction are the area and normal of the surface element respectively. All points are
assigned a background temperature TBG due to viscous heating.
To specify the appropriate vectors d~A and ~x 1, I consider initially an accretion disc system
with an initial tilt angle i, twist angle φ and θ azimuth relative to the observer. The accretion
disc then undergoes a sudden transition at a characteristic radius rtip. I place the surface
elements on a grid evenly spaced in log radius and uniformly in θ . The Cartesian co-ordinates
for such a system take the form
x = r
 
cosθ cosφ + sinθ sin i sinφ

,
y = r
 
cosθ sinφ + sinθ sin i cosφ

,
z = r sinθ cos i.
(8.9)
8.0.3 Disc Shadowing
To properly consider the self heating between the misaligned discs, I develop a simple al-
gorithm to decide which accretion disc surface elements can see each other, and which are
bocked from view by other surface elements. Figure 8.1 indicates how the code determines
which surface elements can see each other and thus contribute to the self heating effect. The
code selects each pair of surface elements L and r, and iterates through all other surface ele-
ments c. Elements L and r do not contribute to each other’s self-heating if (from Figure 8.1)
1In this thesis, ~x is the full vector with unit vector xˆ
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Figure 8.1: Figure showing how the tilted disc code knows when the line of sight between surface
elements L and r is blocked by an intervening region of the accretion disc (C). Dashed arrowed lines
show unit normal vectors. Vectors between the surface elements are underlined. Also note that cosφ =
nˆc .Lˆr, cosθ = Lˆc.Lˆr and x =
p
Ac
2
cosφ where Ac is the area of surface element C.
the conditions X > d and |~Lc|< |~Lr| hold for any of the surface elements c.
8.0.4 Response Functions
In the most general sense, a response function describes the behaviour of a system at subse-
quent times after a delta function input. I therefore calculate two sets of response functions.
The first is that of the driving light curve with respect to the X-rays ψD. I also calculate the
response of the outer disc with respect to the driving light curve as a function of wavelength
ψ (τ|λ).
To calculate these response functions, I assume an accretion disc with an initial back-
ground temperature TBG profile with radius r like
T4BG (r) = T
4
1

r
r1
−3
1−

rin
r1
1/2
, (8.10)
where T1 is the temperature at 1 light day, given by
T41 =
3GM M˙
8piσr31
. (8.11)
Equation 8.11 includes a black hole mass M , an accretion rate M˙ and an inner radius term
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rin = 6rg (the ISCO). All other symbols have their usual meaning.
Given an initial temperature structure, I apply a sudden high-intensity input of X-rays that
I approximate as a delta function using a Gaussian G (0,∆t) centred at time 0 with a width
equal to the time resolution. The temperature of the outer disc at later times is then
T4i (~x, t) = T
4
BG (~x)+
1
4pi
∑
j
T4j t −τi j|~Di j|2 Dˆi j · ~A j Dˆi j · Aˆi Si j

+T41
 
t −τi L 1
4pi|~Di L|2 Dˆi L · Aˆi Si L
(8.12)
where
~Di j = ~xi −~x j , (8.13)
and the dot product combination Dˆi j · ~A j Dˆi j · Aˆi considers the relative alignments between
surface elements i and j. The first, second and third terms in Equation 8.12 indicate the
background, disc-to-disc, and lamp post contributions to the disc heating respectively. The
subscript i L indicates the relevant quantity is mesured between surface elementi and the
lamppost L. T1 is the lamp post contribution to the temperature at 1 light day (1ld), given by
T41 =
Lx
4piσ (1ld)2
, (8.14)
where Lx indicates the lamp post luminosity.
8.0.5 Time Delays
Given reprocessing sites at two positions ~xi and ~x j , the time lag between the two sites is
defined as
τi j = |~Di j|+ ~Di j · Eˆ (8.15)
where Eˆ is a unit vector toward Earth.
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8.1 Accretion Disc Continuum
I first chose to apply the model to two extreme cases to highlight the potential effect of a
tilted accretion disc structure on the response functions. I compare a flat accretion disc with
black hole mass 108M accreting at 1Myr−1 with an identical system but that includes a
sudden tilt at a characteristic radius rtip. I first consider a system whose outer disc (r > rtip)
is viewed face-on by the observer (θ = 0◦) with an inner disc inclined at 40◦. Nealon et al.
(2015) investigates the break radius as a function of the angle of misalignment between the
spin axis of the black hole and accretion disc. The authors find the tilt radius rtip increases
with misalignment angle (approximately 80rs for a misalignment of 60
◦). In the following
sections, I consider the effect of tilting the disc on the equilibrium lag spectrum and response
function. I investigate these for tilt radii 50rs to 400rs increasing in 10rs increments.
8.1.1 Response Function
Figures 8.2 and 8.3 plot the response function at a reference wavelength of 4000Å for a range
of tipping radii and tipping angles. Introducing a tear in the accretion disc produces a twin
peak structure in the response function. The twin peak structure is due to the misalignment
between the discs. There are two response functions superimposed on one another where
the early peak is due to lamp post reprocessing by the inner disc, and the later peak shows
the lamp post reprocessing by the outer disc. Dashed lines show the effect on the response
function of neglecting the reprocessing between the inner-outer disc. The overlap between
the dashed lines in Figure 8.2 shows that disc tearing alone does not increase the mean lags
without the inclusion of the disc-disc reprocessing effect. Additionally, although the mean lags
do increase by around 10% (depending on the assumed tearing radius), this is not enough to
reconcile the observed and predicted lags found in NGC 5548 (Chapter 5).
Figures 8.4 and 8.5 show the effect of tilting the accretion disc on the mean light curve
lags for tipping radii ranging from 50 to 400 rs. It is apparent that including a tipping radius
at 40◦ with respect to the outer disc does inflate the lags, particularly at the long wavelength
end of the response function, but that the increase is insufficient to explain the large (approx-
imately 3 day) lags observed in light curves above 8000Å during the 2014 STORM campaign
(Fausnaugh et al., 2016a). On the other hand, if the inner disc is tilted edge-on with respect
to the observer, there appears to be a dramatic increase in the lag spectrum (red line Figure
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Figure 8.2: Response functions for 5 tipping radii where the outer disc is viewed face on with respect
to the observer. The inner disc is tilted at 40◦ with respect to the observer. Dashed lines show the effect
of neglecting the disc to disc reprocessing effect between the inner and outer discs. Vertical lines show
the mean delay and the bold black line shows the lag profile for a standard disc with L/LEdd = 0.1.
8.3). This effect arises since the observer no longer sees any response from material that emits
within the tearing radius. As far as the observer is concerned, the effect is directly analogous
to completely truncating the inner accretion disc.
8.2 Asymmetric Broad Line Heating
Asymmetric heating of the BLR is expected to occur naturally in the tilted disc model. Figure
8.6 shows why. The self heating effect between the inner and outer disc is more intense on
the near side than the far side. I assume in this model that their is no communication between
the upper and lower faces of a given disc surface element. This translates into the physical
assumption that the light travel time scale is much less than the thermal diffusion time scale
(Chapter 1, Section 1.4.2).
Figure 8.8 and 8.10 show velocity delay maps of the broad line region assuming two tilted
accretion disc scenarios respectively shown in Figures 8.7 and 8.9. Firstly, Figure 8.7 shows
a tilted accretion disc model whose inner disc is viewed at 45◦ by an observer, with an outer
disc viewed edge-on. A simple Keplarian BLR model is employed here with inner and outer
radii of 2 and 20 light days respectively. The BLR clouds are constructed by the code in the
same way as the disc surface elements, but are allowed to radiate isotropically rather than
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Figure 8.3: Same as Figure 8.2 but for an outer disc viewed face on by the observer, and the tearing
radius fixed at 400rs.
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Figure 8.4: Mean lag spectra for 5 tipping radii where the outer disc is viewed face on with respect to
the observer. The inner disc is tilted at 40◦ with respect to the observer. Dashed lines show the effect
of neglecting the disc to disc reprocessing effect between the inner and outer discs. The bold black line
shows the lag profile for a standard disc with L/LEdd = 0.1.
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Figure 8.5: Same as Figure 8.4 but for an outer disc viewed face on by the observer, and the tearing
radius fixed at 400rs.
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Figure 8.6: Figure showing how the asymmetric broad line emission arises from the tilted disc model.
Blue and red colours regions indicate hotter and cooler parts of the disc and BLR respectively.
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Figure 8.7: Surface plot of the accretion disc temperature due to self heating T 4SH. The inner accretion
disc is viewed at 45◦ wrt the observer in the direction indicated by the arrow. A sudden tilt is introduced
into the disc at 100rs (0.36 light days for a 10
7M black hole) which then aligns itself to an edge-on
orientation. The BLR (not shown) is modelled as a annulus from 2 to 20 light days with the same
orientation as the outer disc, and rotates counter-clockwise as viewed from above with a Keplarian
velocity field.
being modulated by the cos

nˆ.~E

‘facing’ factor. The clouds have velocity vectors appropriate
for Keplarian rotation in a counter clockwise direction as seen looking down onto Figure 8.7.
Figure 8.9 shows the same BLR model but this time illuminated by an inner accretion disc
tilted towards edge-on by 60◦ and rotated by 45◦. Several features of interest can be seen
here. Firstly, introducing a tipping angle i causes an asymmetric heating effect between the
inner and outer discs. However, because the inner disc includes no twist angle φ, this does
not break the symmetry in the velocity delay map (Figure 8.8). Introducing a rotation (φ > 0)
causes the BLR to see more intense irradiation on the ‘high-positive-velocity-medium-delay’
(Figure 8.9) part of the velocity delay map.
8.2.1 Future Considerations
The model here does not include detailed physical models for the broad line emission mecha-
nisms. It assumes simply that the broad line clouds emit as black bodies and the velocity delay
maps show only the bolometric flux observed as a function of time delay and velocity shift.
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Figure 8.8: 2 Dimensional velocity delay map for the toy tilted disc model of a circular BLR illuminated
by a face-on-viewed inner disc, and an outer disc tilted by 90 degrees. The colour plot shows the flux
emitted by the BLR for a given velocity shift and time delay. The lower and upper plots integrate the
velocity delay map in lag and velocity space respectively.
To	  observer	  
low	  velocity,	  short	  delay	  
high	  (+ve)	  velocity,	  
medium	  delay	  
high	  (-­‐ve)	  velocity,	  
medium	  delay	  
low	  velocity,	  long	  delay	  
Figure 8.9: Same as Figure 8.7 but for an inner disc orientated tipped toward the outer disc plane by
60◦ and rotated by 45◦.
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Figure 8.10: 2 dimensional velocity delay map. Same as Figure 8.8 but for a inner disc tilted by 60◦
and twisted by 45◦.
Photo-ionization codes such as CLOUDY (Ferland et al., 1998, 2013) are able to provide radial
emissivity and responsivity of the broad line gas and may be one possible way to investigate
further the extent to which asymmetric broad emission lines can be explained by asymmetric
heating.
Studies have also shown systematically blue shifted carbon IV lines due to an out-flowing
accretion disc wind (Coatman et al., 2017). The asymmetric velocity delay maps observed by
Bentz et al. (2010a) model the Hβ emission line. This line is though to originate from BLR
clouds at large radii rather than as a disc wind. Care must be taken when applying this toy
model to to confuse the effects of a disc wind with the in-fall/outflow behaviour of the BLR
clouds.
8.2.2 Conclusions
I have shown in this chapter that theoretically-predicted models for tilted accretion discs
(Nealon et al., 2015) are able to produce asymmetric heating of the BLR. This effect is ob-
served as an intensification of the red or blue wings of a BLR velocity delay map. Such
blue/red asymmetries can be interpreted as radial in-fall or outflow of the BLR clouds (Bentz
et al., 2010a). I investigate asymmetric disc heating here as an alternative interpretation.
The model shown here is intended only as a proof-of-concept. It may be possible in fu-
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ture to combine this forward model with more complex Bayesian fitting techniques, such as
those used in the CREAM code (Chapter 2), to derive statistical estimates on AGN tilted disc
parameters. I have shown in this chapter that the tilted disc model affects both the response
functions for continuum (Figure 8.5) and broad-line light curves (8.10 - right plot), and the
shape of the BLR line response (Figure 8.10 - lower plot). It is reasonable to assume that any
effort to constrain the tilted disc parameters will be observationally expensive. It will most
likely require high cadence, high signal-to-noise, multi-wavelength continuum observations
but also high signal-to-noise spectral observations of emission line light curves. In short it will
require an observing campaign on par with the 2014 STORM monitoring of NGC 5548.
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Project
Chapter 8 touches on the implications of nested-misaligned accretion disc structures for the
broad line region (BLR). I now throw caution to the wind, abandon the accretion disc com-
pletely and steer the thesis toward BLR reverberation mapping. As discussed in Chapter 1,
reverberation mapping of the BLR provides a plethora of physical information on the AGN
and its host galaxy. We obtain estimates of the black hole mass (Peterson et al., 2004) where
all hope is lost for other methods, we can determine the radius of the broad-line clouds and
how they are moving (Bentz et al., 2013), and we can investigate observational correlations
such as the M σ relation (Ferrarese & Merritt, 2000; McConnell & Ma, 2013) and the AGN
radius-luminosity relation (Kaspi et al., 2005; Bentz et al., 2013). Our constraints on the
above correlations, and subsequent understanding of the AGN-host connection, will continue
to improve as we conduct more (and more) BLR reverberation mapping experiments and
gather the black hole masses (Equation 1.13, Chapter 1).
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The following chapter reports on my contribution to the Sloan Digital Sky Survey Re-
verberation Mapping Project (SDSS-RM). SDSS-RM is a reverberation mapping experiment
designed to provide continuum to emission line lag detections for a homogeneous sample of
222 quasars. The experiment includes light curves produced from photometric and spectro-
scopic observations and aims to detect lags between the continuum and Hβ light curves on
the order of 10’s of days.
9.1 Continuum Light Curve Merging
The 222 targets were observed simultaneously in sloan g and i bands. Each band incor-
porates 1 spectroscopic light curve from the Baryon Acoustic OScillation Survey (BOSS), 2
further photometric light curves were observed using each of the CFHT/MegaCam and Bok
instruments, totalling 5 continuum light curves in each band.
In order to calculate the lags between the continuum and Hβ light curves, the 5 continuum
light curves for each band must first be merged into a single light curve. I use the CREAM code
to achieve this. Following the approach of Chapter 2, CREAM fits a lamp post model to the
continuum light curves of the form,
Fν(λ, t) = F¯ν (λ) +∆Fν(λ)
∫ ∞
0
ψ (τ|λ)X (t −τ) dτ, (9.1)
where the symbols are defined in Chapter 2. In order to merge the 5 continuum light curves
for each filter and target combination, I replace CREAM’s standard disc response functions by
a delta function such that,
ψ(τ|λ) = δ (τ− 0) , (9.2)
where
∫ +∞
−∞
δ (τ)≡ 1. (9.3)
Since the 5 continuum light curves are effectively fitted by the same response function,
the parameters of interest for the merging process are the offset and scaling factor F¯ν (λ)
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and ∆Fν(λ) for each light curve. CREAM is run to 10,000 iterations for each target and filter
combination. The merged light curve Fm for filter i is then constructed relative to a reference
light curve j using
Fmi (t) =
 
Fi (t)− F¯i× ∆F j∆Fi + F¯ j . (9.4)
9.1.1 Error Bar Rescaling
In addition to the offset and stretch parameters, I also use CREAM’s MCMC algorithm to check
that the nominal error bars are calculated correctly for the 5 continuum light curves. The pro-
cess is similar to the error bar rescaling factor f introduced in the STORM analysis described
in Chapter 5. In addition to the fi factor, I now include an extra variance parameter Vi for
each continuum light curve where i = 1...5. The updated error bars σij for each continuum
light curve are now
σi j =
q
fiσold i j
2
+ Vi , (9.5)
where j = 1...Ni indicates the number of data points for light curve i. The addition of the
extra variance parameters to the nominal error bars requires a slight modification to CREAM’s
likelihood function L, which is now given by
− 2lnL =
5∑
i=1
Niln (2pi) + Ni∑
j=1
lnσ2ij +

Dij−Mij
σij
2 , (9.6)
where Di j and Mi j are the data and model for the jth data point of light curve i. Light curves
are taken in 5 continuum bands, and so 1 < i < 5. Note that the priors on the driving light
curve Fourier coefficients (Sk and Ck Chapter 2) remain unchanged and large values for the
fi and Vi error bar parameters are penalized by the lnσ
2
ij term in Equation 9.6.
9.2 H β Lags
In addition to merging the 5 continuum light curves for each quasar in each g and i band,
CREAM also estimates the Hβ-to-continuum lag. To achieve this CREAM uses a delta function
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response for each of the continuum light curves with the centroid set to 0 lag (the process
described in Section 9.1). CREAM also fits the Hβ light curve simultaneously using a delta
function response with a variable centroid parameter τHβ . The Hβ light curve then takes the
form
FHβ = ¯FHβ +∆FHβ
∫ ∞
0
δ

τ−τHβ

dτ, (9.7)
where τHβ , F¯Hβ and∆FHβ are the centroid response lag, offset and stretch CREAM parameters
for the Hβ light curve.
9.3 Results
Figures 9.1 and 9.2 show example light curve fits that simultaneously merge the continuum
light curves and fit the Hβ light curve lags, and Hα where present (Hβ light curves are
available for all targets but Hα light curves for only a subset of these). Since I am now fitting
the BLR lag as a delta function rather than an accretion disc response, the left panels of Figure
9.1 and 9.2 now show the posterior histogram for the top hat centroid parameter. Figure 9.3
plots the line lag for all the targets fitted in this section. I see evidence of a significant excess
positive lags for SNR > 30. I expect the line lag to be positive with respect to the continuum
whenever the light curve quality is sufficient to measure a lag. To ensure that this is a real
effect and not an artefact of the top hat response function incorporated into CREAM, I conduct
a test. I randomize the Hβ and continuum light curves so that the Hβ light curve of one target
is associated with the continuum light curves of another. The resulting plot of SNR vs lag is
shown in Figure 9.4. It can be seen that randomizing the light curves does indeed remove the
correlation of positive lag with high SNR, thus confirming the positive lag excess to be a real
effect, as expected for continuum-to-BLR time delays.
The inferred lags are given in Tables 9.1 to 9.4 along with the reduced χ2 parameter for
the broad-line light curve. Most of these targets give high values for the reduced χ2. This
tends also to be the case for lags obtained using CCF and Javelin methods (Grier et al in
prep) and work is ongoing to devise an automated ‘quality check’ for the fits to each target.
Currently, I define a confirmed BLR lag when the reduced χ2 parameter is less than 3, and the
uncertainty in the lag measurement is less than the lag itself.
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Figure 9.1: Panel a: CREAM inferred driving light curve for rm272 in the g band. Panel b - d: Response
function top hat centroid posterior distribution. Panel e - g: Echo light curve where colours in Panel e
represent light curve data from different telescopes.
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Figure 9.2: Same as Figure 9.1 but for rm255 in the i band.
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Figure 9.3: The Hβ light curve signal to noise against the CREAM-inferred line lag for each target. Blue
and red dots show the resulting line lag with respect to the g and i continuum light curves respectively.
Figure 9.4: Same as Figure 9.3 but for the test involving the randomized line and continuum light
curves described in Section 9.3.
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Figure 9.5: Comparison of Hβ lags obtained using JAVELIN and CREAM methods. The dashed line
indicates the one-to-one ratio.
As an additional sanity check, Grier et al (in review) compare the CREAM lag estimates
with those from JAVELIN. Figure 9.5 shows that these methods generally agree with one
another across the entire sample with just a few outliers.
9.3.1 Physical Interpretation
Black Hole Masses
The Hβ lags measured by CREAM are combined with a line width (Grier et al, in review) to
obtain the black hole mass for each target (Equation 1.13, Chapter 1). The new masses are
incorporated onto existing M - σ measurements (McConnell & Ma, 2013) in Figure 9.7. It
appears that the new mass estimates broadly agree with the existing M - σ relation at high
velocity dispersion, with some discrepancy at the low end. We note in Grier et al (in review)
that this may be caused by a combination of factors including selection effects and problems
with the low velocity dispersion measurements.
Radius Luminosity Relation
Grier et al (in review) also populate the radius-luminosity relation from Bentz et al. (2013)
with the new CREAM lag measurements. It appears that many of our lags agree with Bentz
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Figure 9.6: Black dots show the mass and velocity dispersions from McConnell & Ma (2013). The Hα
and Hβ black hole mass estimates from this study are shown in red and blue respectively (reproduced
with permission from Grier et al, in review).
et al. (2013) but many also appear lower than their best fit relation. The cause of this is not
fully understood but may be related to the limited length of the SDSS-RM observing campaign.
For each target, light curves are only around 100 days long (Grier et al, in review). This
observational constraint makes it more difficult to measure longer lags. Since the longer lags
are more difficult to measure, it is less likely to see scatter above the measured R-L relation in
Bentz et al. (2013).
9.4 Conclusions and Future Work
In this chapter, I have presented a method by which CREAM can be applied to continuum-
to-line reverberation mapping campaigns in addition to interband-continuum observations. I
have used the offset and stretch parameters (F¯ν and ∆Fν(λ) from Equation 9.1) to merge the
continuum light curves from multiple telescopes that may have slightly different calibrations.
The merged light curves are be used to obtain continuum to BLR line lags using CCF and
Javelin methods to complement the CREAM lags. I have presented a 3 stage quality check for
light curve lags. Firstly, the lag must be larger than its 1σ uncertainty. Secondly, the dip test
must take values < 0.03. Finally, the reduced χ2 must be < 3. These values are somewhat
arbitrary and it might be that more general quality checks can be devised in future. For all
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Figure 9.7: Radius-luminosity relation using from the SDSS rm project (reproduced with permission
from Grier et al, in review). The red lines show (solid and dashed) the measured RL relation and
scatter from Bentz et al. (2013).
targets that pass the quality checks, line lags will be combined with line widths to yield black
hole masses (Grier et al in prep and Equation 1.13). More black hole masses are always a good
thing and will allow us to further calibrate the virial parameter (the f in Equation 1.13) and
help investigate astronomically important correlations, including the M−σ relation (Ferrarese
& Merritt, 2000; Gebhardt et al., 2000), out to high redshifts.
Table 9.1: g band Hα lag information.
Target 〈τ〉 χ2/n n
(days)
rm017 50.54 ± 2.15 1.26 30
rm050 22.19 ± 35.25 6.99 30
rm078 -2.43 ± 55.66 3.37 30
rm085 63.3 ± 52.59 12.3 30
rm088 -83.01 ± 4.13 2.07 30
rm101 -48.91 ± 65.98 14.84 30
rm103 -29.47 ± 46.52 2.16 30
rm126 21.8 ± 26.65 5.48 28
rm160 31.58 ± 2.82 5.63 30
rm168 9.05 ± 49.37 1.6 30
rm177 30.3 ± 20.48 5.25 30
Continued on next page
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Target 〈τ〉 χ2/n n
rm184 38.35 ± 25.48 35.53 30
rm191 22.87 ± 7.98 5.85 30
rm229 14.58 ± 35.89 3.02 30
rm252 12.66 ± 1.87 3.03 30
rm270 36.09 ± 10.99 1.47 30
rm272 38.55 ± 22.14 2.48 30
rm291 32.86 ± 61.72 6.41 30
rm301 -88.78 ± 30.75 5.03 29
rm305 24.58 ± 62.36 4.89 30
rm320 28.04 ± 13.14 18.54 30
rm338 39.18 ± 18.05 3.22 26
rm341 0.74 ± 0.3 12.63 30
rm371 10.53 ± 0.43 4.28 30
rm377 8.37 ± 1.24 2.08 30
rm453 57.14 ± 24.92 1.92 30
rm497 -1.66 ± 60.25 7.39 30
rm518 20.57 ± 52.98 6.5 30
rm519 70.79 ± 47.68 1.9 30
rm541 33.84 ± 15.15 2.36 30
rm622 -9.48 ± 49.82 3.45 30
rm645 41.16 ± 7.65 2.52 30
rm694 25.7 ± 4.87 2.03 30
rm720 52.87 ± 50.06 47.05 30
rm733 28.47 ± 75.46 5.34 30
rm766 -16.49 ± 28.97 8.31 29
rm767 24.02 ± 7.97 1.4 30
rm768 52.42 ± 1.68 31.23 30
rm769 -6.26 ± 14.81 8.09 30
rm772 9.83 ± 0.94 12.54 30
rm775 49.54 ± 16.95 137.41 30
rm776 -10.35 ± 19.35 60.48 30
rm779 67.35 ± 20.47 36.5 30
rm781 20.19 ± 36.23 9.31 30
rm782 46.75 ± 28.43 13.11 29
rm789 -61.79 ± 10.09 5.28 30
rm790 22.38 ± 48.25 12.46 30
rm792 12.09 ± 58.14 1.31 29
rm797 -13.79 ± 59.55 3.6 26
Continued on next page
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Target 〈τ〉 χ2/n n
rm798 -14.05 ± 0.21 0.82 29
rm822 -6.79 ± 10.67 4.64 30
rm840 13.0 ± 2.42 15.85 30
rm843 0.57 ± 69.91 4.45 30
rm845 12.17 ± 54.62 1.7 30
rm846 -22.24 ± 45.8 1.6 29
Table 9.2: g band Hβ lag information.
Target 〈τ〉 χ2/n n
(days)
rm005 -83.95 ± 8.75 1.02 26
rm009 -33.64 ± 58.25 1.14 30
rm016 63.98 ± 20.93 3.4 30
rm017 35.61 ± 4.54 2.76 30
rm018 -4.65 ± 20.79 2.29 30
rm020 51.84 ± 17.35 180.27 30
rm021 -84.93 ± 4.91 179.34 30
rm027 -89.67 ± 5.65 1.68 30
rm029 42.33 ± 33.82 1.22 30
rm033 46.35 ± 21.96 0.74 30
rm040 21.11 ± 5.35 1.13 30
rm050 -48.39 ± 45.28 1.68 30
rm053 22.43 ± 35.41 2.44 30
rm061 37.34 ± 49.98 3.43 30
rm062 -2.9 ± 2.85 1.49 30
rm077 55.97 ± 15.64 0.41 29
rm078 12.14 ± 18.56 3.31 30
rm085 -82.85 ± 36.39 2.64 29
rm088 -59.42 ± 42.74 1.88 30
rm090 22.27 ± 9.29 0.33 29
rm101 33.84 ± 3.16 1.7 30
rm102 18.74 ± 17.15 1.59 30
rm103 -30.78 ± 54.66 3.28 30
rm111 -37.37 ± 48.23 33.16 29
rm118 28.9 ± 29.08 1.84 30
rm121 55.3 ± 15.38 1.19 30
Continued on next page
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Target 〈τ〉 χ2/n n
rm122 28.95 ± 49.11 2.25 30
rm123 6.44 ± 58.31 3.33 29
rm125 -46.27 ± 23.49 3.44 30
rm126 -56.6 ± 13.17 1.43 28
rm133 5.09 ± 48.92 1.21 30
rm134 6.14 ± 34.04 1.43 30
rm140 19.83 ± 37.04 1.11 30
rm141 34.62 ± 16.86 2.36 30
rm160 32.55 ± 2.04 1.11 30
rm165 5.38 ± 53.1 55.48 30
rm168 14.41 ± 46.91 1.64 30
rm171 -12.49 ± 48.86 1.81 29
rm173 -24.8 ± 9.55 4745.05 29
rm175 27.03 ± 11.91 1.25 30
rm177 34.41 ± 0.68 0.98 30
rm184 14.55 ± 5.28 2.59 30
rm185 -58.86 ± 46.22 1.53 30
rm187 -36.95 ± 44.99 1.58 30
rm191 12.46 ± 1.72 1.33 30
rm192 -2.42 ± 28.14 1.46 30
rm193 15.18 ± 47.46 2.67 30
rm203 25.16 ± 35.05 2.64 30
rm204 2.92 ± 48.58 3.0 30
rm211 3.91 ± 3.91 0.92 30
rm215 47.52 ± 38.39 3.7 30
rm229 23.58 ± 2.75 1.46 30
rm232 8.84 ± 8.69 1.45 30
rm235 21.51 ± 18.16 1.44 28
rm240 12.6 ± 47.35 5.51 30
rm243 9.78 ± 8.72 1.04 30
rm252 -1.87 ± 38.01 3.7 30
rm255 20.13 ± 12.64 178.2 30
rm258 -86.87 ± 8.71 2.18 30
rm260 -49.58 ± 69.0 2.82 26
rm265 14.09 ± 7.47 2.58 30
rm267 32.59 ± 3.19 1.82 29
rm268 50.13 ± 18.93 0.85 29
rm270 28.89 ± 20.56 2.4 30
Continued on next page
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Target 〈τ〉 χ2/n n
rm272 23.06 ± 5.7 2.48 30
rm274 -44.74 ± 58.0 2.21 30
rm277 40.59 ± 50.19 1.16 29
rm278 9.3 ± 47.9 4465.87 30
rm285 51.38 ± 11.05 35.49 30
rm290 7.81 ± 24.75 30.08 30
rm291 76.38 ± 35.24 1.67 30
rm296 -72.93 ± 39.38 2.19 30
rm297 -56.21 ± 30.24 500.19 30
rm300 45.75 ± 14.9 2.56 30
rm301 -97.53 ± 1.06 2.05 30
rm302 -7.95 ± 58.97 0.07 30
rm303 25.53 ± 27.44 2.7 30
rm305 80.45 ± 4.71 3.06 30
rm306 38.94 ± 43.81 34.92 30
rm308 16.94 ± 36.35 1548.03 30
rm316 93.33 ± 3.06 0.31 30
rm320 32.85 ± 4.43 3.45 30
rm323 13.9 ± 53.5 1.17 30
rm324 3.13 ± 35.5 2.71 30
rm328 3.71 ± 63.06 4.79 30
rm329 -7.62 ± 9.01 2.51 30
rm331 2.1 ± 55.47 2.68 30
rm333 10.98 ± 39.39 1367.97 30
rm336 -11.69 ± 32.96 5.33 30
rm337 69.43 ± 24.62 0.66 30
rm338 17.78 ± 5.35 0.78 26
rm341 0.68 ± 0.25 0.1 30
rm350 -50.82 ± 18.03 1.24 29
rm354 22.63 ± 33.17 22.3 30
rm355 -22.58 ± 59.5 2.66 30
rm356 -38.97 ± 74.51 1.67 29
rm369 -36.83 ± 22.95 0.99 30
rm370 -75.59 ± 40.48 0.8 30
rm371 10.96 ± 0.2 0.45 30
rm373 26.86 ± 24.37 4.61 26
rm375 47.97 ± 67.59 2.76 30
rm376 -31.94 ± 27.78 1.15 30
Continued on next page
158
9.4. Conclusions and Future Work
Target 〈τ〉 χ2/n n
rm377 7.85 ± 0.87 0.68 30
rm378 45.66 ± 38.93 2.53 30
rm382 -72.36 ± 43.78 31.91 30
rm385 -11.88 ± 60.11 2.91 30
rm392 26.22 ± 4.34 2.02 30
rm393 14.15 ± 44.66 0.99 29
rm399 29.93 ± 6.66 2.66 30
rm407 45.72 ± 36.32 3.86 29
rm421 20.1 ± 11.55 1.14 30
rm422 70.67 ± 43.67 817.92 29
rm427 24.54 ± 45.37 2.83 30
rm428 20.38 ± 55.26 7.61 28
rm437 9.7 ± 55.31 15.83 28
rm438 -3.41 ± 59.24 8.47 30
rm439 -18.23 ± 44.45 2.4 30
rm440 38.52 ± 23.38 1.76 30
rm443 57.13 ± 41.93 437.29 30
rm450 31.32 ± 7.23 1.46 30
rm453 59.07 ± 22.65 0.67 29
rm457 -46.87 ± 54.62 1.71 29
rm460 33.94 ± 39.8 1.59 27
rm465 82.69 ± 5.65 187.41 30
rm469 -23.21 ± 54.03 11.15 30
rm472 21.02 ± 70.31 15752.97 30
rm478 49.34 ± 34.43 2.34 29
rm480 -8.21 ± 54.26 39.31 30
rm489 -11.67 ± 55.48 8.81 29
rm492 38.77 ± 46.46 7.02 30
rm497 8.06 ± 52.75 2.19 29
rm510 -46.93 ± 43.15 1.42 30
rm515 -28.78 ± 35.71 3.92 30
rm518 18.4 ± 35.97 1.15 30
rm519 19.3 ± 1.68 0.53 30
rm525 15.58 ± 37.49 1.02 26
rm539 -63.01 ± 9.57 2.11 30
rm541 26.68 ± 20.18 1.39 30
rm545 27.58 ± 48.19 2.34 29
rm546 14.15 ± 26.41 32.64 30
Continued on next page
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Target 〈τ〉 χ2/n n
rm548 1.24 ± 44.98 6.71 30
rm551 10.63 ± 2.32 0.94 30
rm572 12.86 ± 71.81 2.69 30
rm588 -56.78 ± 28.52 4.58 28
rm589 83.71 ± 12.01 1.52 29
rm593 73.56 ± 43.47 1.86 29
rm601 22.35 ± 8.63 1.4 30
rm618 -97.02 ± 1.96 1.31 30
rm622 32.53 ± 0.67 0.54 30
rm632 91.68 ± 5.7 1.64 28
rm634 36.25 ± 15.07 2.2 30
rm637 -2.05 ± 10.94 1.44 29
rm638 85.25 ± 15.18 3.1 29
rm641 -9.94 ± 55.13 3.34 30
rm643 -43.75 ± 46.37 169.89 30
rm644 83.43 ± 37.45 8.88 29
rm645 31.86 ± 4.12 1.04 30
rm649 22.32 ± 45.37 1.68 28
rm653 -24.88 ± 4.97 1.17 30
rm654 -10.49 ± 43.55 3.09 30
rm659 2.76 ± 54.04 1.67 29
rm663 52.97 ± 23.23 7.85 30
rm664 89.74 ± 19.22 1.85 30
rm668 24.35 ± 54.63 2.85 30
rm669 -55.97 ± 20.96 2.05 29
rm675 -5.35 ± 53.14 9.81 30
rm681 6.25 ± 42.74 3.06 30
rm685 -77.32 ± 24.22 18.66 30
rm694 19.31 ± 5.34 1.62 30
rm697 -87.07 ± 6.94 56.8 29
rm701 81.95 ± 7.03 2.63 26
rm714 59.52 ± 20.58 1190.46 30
rm719 -66.47 ± 55.21 1.11 30
rm720 70.99 ± 20.02 14.24 30
rm728 -5.17 ± 27.71 5.67 29
rm733 11.28 ± 47.55 6.65 30
rm736 29.07 ± 56.51 20.16 29
rm744 -14.74 ± 73.32 3.38 29
Continued on next page
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Target 〈τ〉 χ2/n n
rm746 -20.13 ± 22.49 4.63 30
rm750 -56.57 ± 18.01 2.19 30
rm756 -2.56 ± 15.19 1.63 29
rm757 0.19 ± 42.32 30.93 30
rm761 -88.18 ± 7.67 6.52 29
rm762 -41.05 ± 58.2 4.88 30
rm764 4.87 ± 59.19 5.57 30
rm766 2.73 ± 27.48 13.44 29
rm767 36.01 ± 12.68 1.31 30
rm768 29.13 ± 41.01 21.38 30
rm769 22.62 ± 7.3 4.45 30
rm772 7.45 ± 0.53 1.26 30
rm773 -27.22 ± 56.81 2.64 30
rm775 22.57 ± 8.67 23.57 30
rm776 11.1 ± 2.17 4.03 30
rm778 16.38 ± 25.56 2.85 30
rm779 12.64 ± 1.5 4.6 30
rm781 94.71 ± 2.85 2.31 29
rm782 27.23 ± 0.86 1.21 30
rm783 -84.73 ± 26.47 8.12 30
rm788 -13.96 ± 33.71 0.73 30
rm789 18.54 ± 21.96 2.53 30
rm790 10.24 ± 4.04 3.06 30
rm792 14.98 ± 36.01 2.24 30
rm797 -39.98 ± 47.89 3.5 26
rm798 -14.04 ± 0.21 0.45 29
rm804 21.35 ± 20.98 1.94 29
rm805 26.86 ± 29.58 3.1 30
rm808 -30.15 ± 54.5 2.31 30
rm812 22.02 ± 66.36 2.35 30
rm813 5.44 ± 55.28 6.98 30
rm814 22.86 ± 51.39 2.09 30
rm822 7.01 ± 7.82 2.44 30
rm823 0.1 ± 54.49 40.53 30
rm824 66.55 ± 28.69 1.84 30
rm838 2.75 ± 7.19 1.48 30
rm839 -19.17 ± 35.72 11.43 30
rm840 6.72 ± 1.2 2.33 30
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Target 〈τ〉 χ2/n n
rm843 91.33 ± 3.23 0.54 30
rm845 22.52 ± 42.28 1.69 30
rm846 -52.8 ± 32.01 56.75 30
rm847 -30.29 ± 62.92 4.71 27
rm848 -9.72 ± 48.98 58.0 30
Table 9.3: i band Hα lag information.
Target 〈τ〉 χ2/n n
(days)
rm017 70.08 ± 9.48 0.51 30
rm050 -93.79 ± 2.33 1.77 30
rm078 -67.81 ± 22.46 2.18 30
rm085 -48.59 ± 36.13 10.66 30
rm088 79.48 ± 5.29 2.6 30
rm101 -7.85 ± 90.62 11.13 30
rm103 -14.46 ± 47.0 1.92 30
rm126 1.64 ± 33.58 6.21 28
rm160 24.95 ± 1.95 4.46 30
rm168 -8.32 ± 41.68 1.52 30
rm177 31.27 ± 18.77 5.91 30
rm184 3.45 ± 6.69 39.76 30
rm191 21.33 ± 15.65 5.78 30
rm229 -23.21 ± 38.88 2.81 30
rm252 14.27 ± 2.41 2.5 30
rm270 -84.08 ± 35.1 1.61 30
rm272 35.89 ± 16.01 42.4 30
rm291 37.41 ± 51.39 6.46 30
rm301 -88.82 ± 35.44 4.96 29
rm305 -12.17 ± 63.24 4.74 30
rm320 17.56 ± 5.66 15.21 30
rm338 -39.67 ± 47.72 3.49 26
rm341 57.96 ± 0.27 8.4 30
rm371 -16.44 ± 3.49 4.43 30
rm377 7.51 ± 0.86 1.6 30
rm453 4.52 ± 8.23 1.41 30
rm497 -11.88 ± 57.83 7.42 30
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Target 〈τ〉 χ2/n n
rm518 33.62 ± 51.52 6.25 30
rm519 75.24 ± 35.86 0.89 30
rm541 39.99 ± 11.96 2.53 30
rm622 -14.08 ± 40.19 3.41 30
rm645 31.86 ± 6.29 2.78 30
rm694 25.63 ± 5.65 1.99 30
rm720 69.86 ± 25.87 32.88 30
rm733 46.47 ± 58.61 4.67 30
rm766 -24.6 ± 17.76 6.61 29
rm767 25.65 ± 22.08 1.15 30
rm768 50.27 ± 3.51 18.62 30
rm769 -20.48 ± 10.22 7.61 30
rm772 5.45 ± 0.43 0.13 30
rm775 26.35 ± 14.83 113.88 30
rm776 -8.38 ± 16.04 31.13 30
rm779 8.07 ± 21.03 45.72 30
rm781 7.57 ± 20.64 6.83 30
rm782 39.08 ± 19.21 12.67 29
rm789 -55.85 ± 10.61 4.99 30
rm790 -2.96 ± 35.48 16.48 30
rm792 16.4 ± 48.02 1.13 29
rm797 29.87 ± 61.21 3.06 26
rm798 0.64 ± 0.28 0.55 29
rm822 -6.5 ± 19.99 4.49 30
rm840 14.54 ± 1.8 10.09 30
rm843 22.4 ± 52.1 3.62 30
rm845 14.08 ± 41.38 1.45 30
rm846 -21.58 ± 39.28 1.47 29
Table 9.4: i band Hβ lag information.
Target 〈τ〉 χ2/n n
(days)
rm005 -45.45 ± 11.57 0.81 26
rm009 5.9 ± 51.39 1.21 30
rm016 45.62 ± 22.86 2.94 30
rm017 44.8 ± 11.23 2.57 30
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Target 〈τ〉 χ2/n n
rm018 7.42 ± 43.3 2.36 30
rm020 -26.76 ± 57.43 180.13 30
rm021 -90.43 ± 5.44 178.93 30
rm027 -60.83 ± 58.61 1.4 30
rm029 31.4 ± 36.05 1.12 30
rm033 -20.54 ± 14.81 0.36 30
rm040 15.97 ± 5.85 1.09 30
rm050 -16.72 ± 33.57 1.96 30
rm053 7.75 ± 39.2 2.36 30
rm061 37.22 ± 44.27 3.47 30
rm062 -11.95 ± 3.87 1.04 30
rm077 47.13 ± 5.42 0.46 29
rm078 0.67 ± 6.88 2.22 30
rm085 -18.21 ± 45.33 2.93 29
rm088 70.7 ± 29.26 1.33 30
rm090 -3.1 ± 32.41 0.88 29
rm101 25.87 ± 7.93 1.78 30
rm102 10.64 ± 43.52 1.57 30
rm103 3.1 ± 51.19 2.75 30
rm111 -17.45 ± 54.61 33.01 29
rm118 35.15 ± 32.37 2.0 30
rm121 45.95 ± 18.49 1.39 30
rm122 -1.9 ± 22.38 1.89 30
rm123 -12.53 ± 65.29 3.12 29
rm125 -65.36 ± 21.54 2.09 30
rm126 -53.48 ± 12.33 1.16 28
rm133 2.5 ± 52.09 1.2 30
rm134 10.07 ± 31.28 1.43 30
rm140 53.72 ± 49.44 1.06 30
rm141 12.73 ± 8.98 1.85 30
rm160 24.29 ± 1.55 0.49 30
rm165 15.47 ± 56.03 55.25 30
rm168 -8.83 ± 45.74 1.44 30
rm171 -15.49 ± 45.93 1.8 29
rm173 -27.68 ± 6.14 4744.86 29
rm175 54.1 ± 43.39 1.33 30
rm177 33.92 ± 1.1 0.92 30
rm184 0.07 ± 3.5 3.95 30
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Target 〈τ〉 χ2/n n
rm185 -65.02 ± 43.7 1.41 30
rm187 -22.6 ± 39.94 1.59 30
rm191 10.31 ± 0.8 0.51 30
rm192 -63.01 ± 9.65 0.78 30
rm193 41.15 ± 34.34 2.41 30
rm203 22.03 ± 43.33 2.74 30
rm204 14.78 ± 54.27 3.03 30
rm211 -95.59 ± 10.37 0.86 30
rm215 55.24 ± 15.9 3.16 30
rm229 27.04 ± 3.13 0.89 30
rm232 16.48 ± 9.76 1.51 30
rm235 28.14 ± 17.72 1.51 28
rm240 16.9 ± 57.0 5.22 30
rm243 -34.67 ± 36.36 1.14 30
rm252 37.45 ± 53.38 3.65 30
rm255 2.16 ± 37.84 178.83 30
rm258 0.8 ± 1.69 1.73 30
rm260 -81.61 ± 38.21 2.39 26
rm265 13.95 ± 5.79 2.74 30
rm267 31.13 ± 2.84 1.64 29
rm268 23.21 ± 15.74 1.04 29
rm270 12.76 ± 13.02 2.2 30
rm272 17.09 ± 5.03 4.78 30
rm274 -34.74 ± 65.04 2.72 30
rm277 -1.32 ± 54.67 1.21 29
rm278 -5.48 ± 48.89 4469.07 30
rm285 -14.28 ± 46.98 35.6 30
rm290 -0.55 ± 26.57 30.18 30
rm291 59.73 ± 46.07 1.94 30
rm296 -65.83 ± 32.33 2.01 30
rm297 -44.75 ± 50.61 500.15 30
rm300 55.14 ± 3.25 1.51 30
rm301 -98.88 ± 0.91 1.78 30
rm302 -5.6 ± 60.08 0.07 30
rm303 45.91 ± 35.8 2.66 30
rm305 -12.91 ± 71.48 2.87 30
rm306 13.53 ± 50.04 35.42 30
rm308 4.84 ± 22.11 1548.94 30
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Target 〈τ〉 χ2/n n
rm316 15.8 ± 4.82 0.68 30
rm320 21.14 ± 5.97 3.45 30
rm323 -50.13 ± 9.16 0.87 30
rm324 8.81 ± 42.59 2.85 30
rm328 -6.0 ± 60.24 4.75 30
rm329 -20.68 ± 10.29 3.25 30
rm331 12.73 ± 57.91 2.58 30
rm333 -1.02 ± 40.18 1366.85 30
rm336 -6.44 ± 36.32 5.62 30
rm337 -54.28 ± 55.68 0.55 30
rm338 13.78 ± 4.7 0.61 26
rm341 57.92 ± 0.29 0.65 30
rm350 28.95 ± 46.3 1.18 29
rm354 20.7 ± 20.08 22.06 30
rm355 28.47 ± 54.75 1.71 30
rm356 74.43 ± 42.54 1.27 29
rm369 -26.56 ± 45.5 0.95 30
rm370 -81.59 ± 28.48 0.71 30
rm371 21.16 ± 1.38 0.69 30
rm373 39.91 ± 54.45 4.4 26
rm375 8.41 ± 87.53 2.2 30
rm376 1.91 ± 61.1 1.54 30
rm377 7.77 ± 1.04 0.6 30
rm378 96.2 ± 3.51 1.07 30
rm382 4.63 ± 50.76 32.6 30
rm385 16.06 ± 60.07 2.3 30
rm392 22.48 ± 9.62 1.87 30
rm393 11.11 ± 42.53 0.85 29
rm399 16.27 ± 0.78 0.82 30
rm407 18.0 ± 37.02 2.4 29
rm421 84.39 ± 11.4 1.12 30
rm422 28.62 ± 59.03 821.01 29
rm427 -5.34 ± 50.35 2.86 30
rm428 -83.71 ± 28.44 3.24 28
rm437 10.43 ± 54.46 15.73 28
rm438 10.2 ± 63.26 8.72 30
rm439 -18.5 ± 49.36 2.38 30
rm440 30.53 ± 27.58 1.78 30
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Target 〈τ〉 χ2/n n
rm443 -53.06 ± 7.31 436.91 30
rm450 -94.04 ± 4.26 2.15 30
rm453 10.13 ± 31.49 0.59 29
rm457 -49.75 ± 52.31 1.22 29
rm460 4.74 ± 53.23 1.61 27
rm465 79.61 ± 6.54 187.28 30
rm469 -5.72 ± 55.63 10.92 30
rm472 1.71 ± 23.34 15760.49 30
rm478 38.19 ± 42.46 2.8 29
rm480 -6.49 ± 51.0 39.6 30
rm489 2.49 ± 30.24 8.77 29
rm492 52.22 ± 26.94 7.02 30
rm497 11.62 ± 55.69 2.18 29
rm510 -65.1 ± 39.53 1.51 30
rm515 -21.87 ± 35.37 4.39 30
rm518 51.96 ± 18.02 1.05 30
rm519 1.3 ± 1.89 0.76 30
rm525 4.03 ± 15.76 0.26 26
rm539 -71.3 ± 13.3 2.26 30
rm541 40.53 ± 11.1 1.24 30
rm545 25.48 ± 48.29 2.33 29
rm546 21.93 ± 36.54 32.65 30
rm548 10.2 ± 39.17 6.18 30
rm551 12.41 ± 7.59 1.12 30
rm572 -14.93 ± 56.82 2.41 30
rm588 -69.17 ± 32.02 4.68 28
rm589 85.69 ± 11.79 1.37 29
rm593 -16.81 ± 64.56 1.93 29
rm601 23.18 ± 8.1 1.3 30
rm618 81.84 ± 18.3 1.64 30
rm622 -85.16 ± 4.64 0.95 30
rm632 74.26 ± 3.64 1.23 28
rm634 27.67 ± 7.38 2.24 30
rm637 -26.56 ± 70.75 1.92 29
rm638 92.7 ± 6.23 2.35 29
rm641 -2.37 ± 66.63 2.97 30
rm643 -22.31 ± 72.29 169.43 30
rm644 22.45 ± 15.49 4.27 29
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Target 〈τ〉 χ2/n n
rm645 29.53 ± 2.54 1.46 30
rm649 42.43 ± 35.81 1.39 28
rm653 -34.36 ± 9.18 1.28 30
rm654 6.85 ± 46.0 2.61 30
rm659 39.7 ± 52.23 1.4 29
rm663 24.65 ± 18.47 4.47 30
rm664 18.84 ± 41.55 2.95 30
rm668 51.96 ± 45.17 2.8 30
rm669 -44.1 ± 40.75 3.17 29
rm675 76.82 ± 22.9 7.43 30
rm681 -3.33 ± 42.58 2.82 30
rm685 56.07 ± 0.94 3.67 30
rm694 18.5 ± 4.96 1.71 30
rm697 -1.57 ± 2.9 56.36 29
rm701 71.57 ± 8.84 2.87 26
rm707 42.88 ± 26.38 3.55 28
rm714 51.29 ± 18.12 1180.77 30
rm719 -75.76 ± 12.63 0.94 30
rm720 66.91 ± 3.62 8.75 30
rm728 -0.64 ± 20.44 5.45 29
rm733 11.03 ± 48.13 6.79 30
rm736 -5.49 ± 56.45 19.07 29
rm744 7.04 ± 66.65 3.71 29
rm746 -5.76 ± 28.65 3.27 30
rm750 -60.78 ± 17.38 2.07 30
rm756 0.72 ± 17.9 1.5 29
rm757 -14.3 ± 36.93 30.99 30
rm761 -76.83 ± 27.47 5.67 29
rm762 11.38 ± 30.07 5.98 30
rm764 -9.68 ± 56.89 5.36 30
rm766 47.86 ± 12.73 7.15 29
rm767 69.78 ± 23.18 1.14 30
rm768 44.65 ± 31.04 19.67 30
rm769 3.91 ± 7.1 4.84 30
rm772 4.06 ± 1.01 5.25 30
rm773 -28.53 ± 52.66 2.6 30
rm775 13.9 ± 2.22 14.85 30
rm776 7.01 ± 2.72 3.37 30
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Target 〈τ〉 χ2/n n
rm778 13.18 ± 14.69 3.1 30
rm779 14.05 ± 1.2 3.51 30
rm781 90.97 ± 3.89 1.95 29
rm782 25.65 ± 5.13 2.42 30
rm783 -62.17 ± 5.25 5.79 30
rm788 44.27 ± 23.83 0.62 30
rm789 36.63 ± 15.49 2.3 30
rm790 11.26 ± 3.83 2.46 30
rm792 23.82 ± 46.17 2.35 30
rm797 -26.03 ± 45.39 2.56 26
rm798 0.69 ± 0.27 0.57 29
rm804 11.14 ± 14.81 1.75 29
rm805 25.38 ± 36.84 3.2 30
rm808 -22.28 ± 64.5 2.27 30
rm812 55.01 ± 43.02 1.97 30
rm813 -1.42 ± 42.72 7.04 30
rm814 14.36 ± 76.68 2.4 30
rm822 5.23 ± 12.44 2.56 30
rm823 10.15 ± 60.1 40.48 30
rm824 53.45 ± 40.86 1.84 30
rm838 30.77 ± 24.4 1.36 30
rm839 -26.0 ± 53.21 11.43 30
rm840 5.27 ± 0.9 1.59 30
rm843 95.02 ± 5.18 0.65 30
rm845 -9.94 ± 52.74 1.61 30
rm846 -41.22 ± 37.48 56.83 30
rm847 -41.84 ± 49.46 3.9 27
rm848 28.93 ± 46.31 57.41 30
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Conclusions
10.1 Summary of Findings
This thesis presents a study of AGN variability via multi-wavelength light curves observations.
The first part of the thesis details a new MCMC code that is designed to fit the temperature-
radius law of the AGN accretion disc, while also inferring the driving light curve variations
that give rise to the accretion disc variability. This was achieved by a code called CREAM
(Continuum REprocessed AGN Markov Chain Monte Carlo). CREAM fits a driving light curve
model that is a sum of Fourier sine and cosine terms with amplitudes that are constrained
using a random walk prior (Equation 2.19).
Chapter 2 introduces this code and presents tests to synthetic light curve observations
and investigates the observational requirements to constrain the inclination and temperature
radius law. I show that a 100 day observing campaign with an SNR of 100 in the g and i
bands is sufficient to constrain M M˙ to around 0.2 dex and inclination to around 20 degrees.
These constraints improve with the addition of light curves in more filters, and degrade with
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lower cadence and lower signal to noise.
In Chapter 3, I present CREAM fits to 4 additional Seyfert 1 galaxies. The fits imply higher
Eddington ratios than expected from previous literature for all 4 targets. The high Eddington
ratio can also be interpreted as an increase in accretion disc size, and therefore an increase in
time lags for all continuum light curves. The ratio of the CREAM-inferred Eddington ratio to
that from previous literature all raised to the one-third power gives the disc expansion factor.
This takes values from 1 to 5 for the 4 targets studied. This is the same effect found in the
NGC 5548 campaign, in which large time lags and a faint disc spectrum were inferred from
the data. ADAF’s or other truncated disc models such as that proposed by Gardner & Done
(2016) may hold the answer here. I also show in Chapters 5 and 3 that X-rays have been
observed as both good (NGC 6814) and bad (NGC 5548) proxy’s for the continuum driving
light curve. Whether this is due to a partial obscuration of the disc, or fundamentally different
accretion properties between the two objects remains unclear.
Chapter 4 fits a broken power law to the Kepler light curve observations of Zw229-015
and attempts to correlate the break frequency, and slope change of the power spectrum with
physical accretion disc parameters (inclination and M M˙). I find that the break frequency is
able to constrain the M M˙ parameter well, but the inclination very poorly. Assuming a 107M
black hole equates this M M˙ to an Eddington ratio of 0.76, too high to agree with previous
estimates from the literature by Barth et al. (2011). This may again point to an additional
component as well as the traditional accretion disc that gives rise to the continuum emission
in Zw229-015.
Chapter 5 uses CREAM to fit data from a 180 day observing campaign with overlapping
light curves in the Swift UVOT wavelengths, HST UV wavelengths, and various ground-based
optical and near infra-red wavelengths. The 19 overlapping light curves allow for constraints
to be placed on both the temperature-radius law and the inclination. I also include CREAM
parameters that test for incorrect error bar sizes, allowing these to expand or shrink by a
constant factor for each light curve.
Chapter 6 reconstructs the accretion disc spectrum of NGC 5548 using the results of the
CREAM light curve fitting in Chapter 5. It is found that the accretion disc spectrum inferred
from the light curve lags is significantly fainter than that expected for a model accretion disc
accreting with an Eddington ratio of 0.1. It was suggested here that a partially covered accre-
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tion disc might simultaneously overcome the large lag problem, and the faint disc problem. A
truncated inner disc, possibly due to advection dominated accretion flows (ADAF) (Narayan
et al., 1998) or having a high inclination (Chapter 8), may offer some explanation by simul-
taneously resolving the problem of faint disc spectra and large continuum light curve lags.
Chapter 7 attempts to model the X-ray reprocessing geometry of NGC 5548 using the
Swift X-ray and HST UV light curves. It fails. The regularised linear inversion (RLI) technique
(Krolik & Done, 1995; Skielboe et al., 2015) requires a smoothness constraint in order to fit
the light curves. I find that the X-ray light curves of NGC 5548 need to be smoothed by (5
day wide) response functions to resemble the UV light curve. The RLI method would benefit
from higher cadence light curves and further observational or theoretically motivated priors,
in addition to the smoothness constraint, to better constrain the fit.
In Chapter 8 I investigate a toy model in which asymmetric broad lines arise by a mis-
aligned inner-and-outer accretion disc system that asymmetrically heats the BLR. The disc
asymmetric heating originates from an inner and outer disc structure with a tearing radius
due to the different spins of the outer disc and black hole. I find that the inclusion of a tear-
ing radius increases the continuum light curve lags. This is desirable as an explanation to
the large lags found in Chapters 5 and 3. Increasing the tearing radius does little to inflate
the lags, but tilting the inner disc toward an edge on view significantly increases these lags,
and introduces some interesting bimodal behaviour in the continuum response function at
the time scale of the tipping radius. In terms of its effect on the emission lines, the asym-
metric heating introduces a skewness and velocity shift either in the red or blue direction
depending on the irradiation pattern of the BLR. Future work might attempt to investigate
the observational requirements to detect these double-peaked continuum response function
and asymmetric emission lines.
Finally, in Chapter 9 I present attempts to merge continuum light curves obtained from
multiple ground-based telescopes and obtain Hβ line lags for 222 SDSS-observed quasars.
I incorporate a new delta function response into CREAM to model the broad-line delays and
establish an expected trend of positive lags with increasing signal-to-noise of the line light
curve. Such a trend is expected since the BLR operates on larger spatial scales than the accre-
tion disc. Upcoming papers will use these results in combination with more traditional CCF
methods and line width measurements to new obtain black hole mass estimates for hundreds
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of quasars.
10.2 Future Outlook for the Field
It is clear from this thesis that significant gaps remain in our understanding of the accretion
process in AGN. What role do the X-rays play in driving the accretion disc emission? How
far down to the black hole does the accretion disc extend? How does the disc drive the line
emission? Future Kepler observing campaigns, coupled with simultaneous high cadence UV,
X-ray and optical observations will be a key tool in developing our understanding further.
Understanding the accretion process in AGN discs has knock-on importance in other fields of
astronomy. Our current technique to estimate black hole masses using reverberation mapping
encapsulates our uncertainty in the distribution and kinematics of AGN gas with fudge factors
that need to be overcome with more detailed variability studies. Work is already under way
to that end, with velocity-delay maps (Skielboe et al., 2015) that reveal whether BLR gas
is in-falling, out-flowing or orbiting the black hole. Continuum variability studies inform
the observer on the accretion rate, black hole mass, inclination and temperature structure
of the accretion disc (Starkey et al., 2016, 2017). AGN are being utilized as cosmological
probes (Watson et al., 2011; Hönig et al., 2017) using reverberation mapping. These light
curve variability studies make such applications possible and complement current research to
constrain the relative abundances of dark mater and dark energy in the Universe. Given all
the applications of AGN variability studies it seems likely that the field (and the galaxies) will
remain active long into the future.
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